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Protecting livestock feed from insect infestation is a common challenge that feed 
facility managers and farmers have to deal with. It becomes an issue of importance 
because insect infestation degrades feed quality and quantity. Dried Distillers Grains with 
Solubles (DDGS) is added to livestock feed because of its high protein content. As 
DDGS usage in animal feed increases, understanding the susceptibility of DDGS, when 
mixed with livestock feed, to insect infestation is necessary for safe feed storage. This 
research addressed four questions. The first looked at the susceptibility of DDGS, when 
stored as a raw ingredient, to Tribolium castaneum (Herbst) infestation. DDGS 
susceptibility to T. castaneum was lower when stored as a raw ingredient compared with 
normal T. castaneum laboratory diet at 30% r.h.. However, increasing r.h. to 50% and 
grinding DDGS samples, increased DDGS susceptibility to T. castaneum infestation. The 
second question concerned the susceptibility of livestock feed that contains DDGS to T. 
castaneum infestation. Results showed that adding any amount of DDGS to animal feed 
will not change diet susceptibility to T. castaneum infestation and feed pelletization 
negatively affected insect development. For the third question, experiments were
xiv 
 conducted to determine the chemical and physical characteristics of DDGS which may 
influence its susceptibility to T. castaneum infestation. Particle size was the main factor 
affecting DDGS vulnerability to T. castaneum infestation. The fourth question focused on 
the alternative uses of DDGS as bait for monitoring T. castaneum. Efficacy of traps 
significantly increased when a combination of DDGS and food oil kairomone lures were 
used compared with food oil or empty traps. Therefore, DDGS may be a good additive to 
food oil lures to increase trap efficacy. In conclusion, T. castaneum development 
significantly increased when fed DDGS. Diet particle size and environmental humidity 
had significant effects on T. castaneum development. As a result, it is recommended that 
facility managers store DDGS as a raw ingredient, pelletize DDGS if it is cost-effective, 

















This study investigated the vulnerability of Dried Distillers Grains with Solubles 
(DDGS) to insect infestation. The main market for DDGS, a co-product of the grain-
ethanol production process, is the animal feed industry. DDGS is used in animal feed to 
replace corn or other grains (Rosentrater, 2007). With increases in DDGS market demand 
in the United States and globally, knowledge of the effects it might have on the 
vulnerability of animal feed to insect infestation is essential. The present research project 
provides information related to the degree of potential damage that might be caused by 
Tribolium castaneum (Herbst) (common name: red flour beetle) to DDGS products under 
two different storage relative humidity (r.h.) conditions.  
High-nutrient DDGS was expected to be susceptible to insects but opposite results 
were observed by Fardisi et al. (2013). Therefore, knowledge of the relationship between 
DDGS and stored-product insect pests is critical for understanding the storability of these 
products alone and even after addition to animal feed. Thus, information about DDGS 
susceptibility to insect infestation may provide insights that will prevent insect infestation 
of DDGS products without using costly and hazzardious insecticides and fumigants. 
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1.2 Stored-product Insect Pests 
Insects can inhabit many places, depending on their tolerance to environmental 
factors such as temperature and humidity. Inside facilities, they can live year-round 
because, generally, the minimum environmental conditions vital for insect growth are 
provided. However, under some conditions present in storage facilities, the temperature 
may not be high enough for the insects to disperse, therebye reducing the number caught 
in the monitoring traps (Fardisi and Mason, 2013). Other factors affecting insect 
habitation include: food, insect fecundity, starvation tolerance in adults, and the initial 
number of insects in the storage area (White, 1995). The origins of insect pests of stored-
products are not known but they are presumed to have moved from their native habitat, 
surrounding fields and forests, to food storage areas. From there, they adapted to the new 
conditions, living and hiding in the stored-products. Now they can be found worldwide 
due to the import and export of products (Cotton, 1963).  
Beetles are the most significant insect-pest of stored products. Damage caused by 
beetle feeding depends on their feeding habits and their population (Arbogast, 1991). 
Insect habituation in food influences food quality by increasing insect-associated 
impurities and has a negative effect on food taste, odor, and increased bacterial activity 
(Ayadi et al., 2009). There are 600 species of beetles associated with stored-products. 
Insect pests of stored-products can be divided into seven groups based on what they feed 
on (White, 1995). Some species feed directly on the products, some on molds growing on 
stored-products, and some are predators (Arbogast, 1991). Among beetles, Tribolium 
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species are some of the most economically important and frequently found insects in 
storage (Arbogast, 1991).   
 
1.2.1 Tribolium castaneum 
Tribolium castaneum, one of the most common insect pests of stored-products 
(Arbogast, 1991; Ahmad et al., 2012), originally came from India, southwestern Asia, 
and the eastern Mediterranean (Good, 1936). It was first described and named by Herbst 
in 1797. Tribolium castaneum closely resemble T. confusum (Duval) (common name: 
confused flour beetle) and share similar diet and habitat. However, unlike T. confusum, T. 
castaneum are strong fliers with a higher oviposition rate and prefer warmer conditions 
(Good, 1936; Park and Frank, 1948). These two species can be distinguished by antennal 
morphological differences. In T. castaneum, antenna end in three large nubs but in T. 
confusum, antennal segments gradually increase in size. Both species can be found inside 
heated facilities across the globe.  
Tribolium castaneum undergoes complete metamorphosis including egg, larval, 
pupal, and adult stages. Adults lay eggs anywhere in the food material. Tribolium 
castaneum eggs are small (0.60 mm in length), oblong in shape, and white or colorless. 
Tribolium castaneum larvae are moderately active, but avoid the light and hide inside the 
food material. Larvae grow up to 6-7 mm in length and pupate after 7 to 8 molts. Pupae 
(3.4 mm in length) are white, turning yellowish-brown after 2 to 3 d (Good, 1936). Then, 
adults emerge with the sex ratio of 1:1 (Howe, 1956). Gender can be determined from 
genital appendages in the pupal stage by looking at the ventral surface of the terminal 
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abdominal segments. Tribolium castaneum adults are brown in color, active; 3.5 mm in 
length, and remain concealed inside their habitat (Good, 1936).  
Food, temperature, and humidity are important factors influencing the life cycle of T. 
castaneum. The incubation period of eggs ranges from 3 to 5 d at 30°C but this period 
can be extended by decreasing temperature (Good, 1936). Humidity seems to not have 
significant effect on egg incubation period, at 32.5 ºC and 75% r.h., eggs hatched in an 
average of 2.9 d (Howe, 1956). Under optimum conditions around 90% of eggs will 
hatch (Good, 1936). However, Howe (1956) reported that only ~ 80% of eggs hatched in 
his study. 
The larval period can range from 22 to 100 d depending on diet, temperature, (Good, 
1936) and r.h. (Howe, 1956). At 32.5 ºC, 70% r.h., the larval period of 14.6 d was 
reported while feeding on wheatfeed (Howe, 1956). Relative humidity also had a 
significant influence on larval developmental rate when low quality diets, such as 
groundnuts are used. After increasing the r.h. from 70% to 90%, the larval period on 
wheatfeed decreased by 2 d, but on groundnuts it was decreased by 30 d. Studies showed 
the optimum temperature for larval development is 35°C (Howe, 1956). By increasing 
the temperature, the developmental rate decreased (Park and Frank, 1948). The pupal 
stage is not affected by humidity (Good, 1936; Howe, 1956) and lasts an average of 5 and 
9 d at 30ºC and 27ºC, respectively (Good, 1936). 
At 32.5ºC and 90% r.h., adults emerge after 4.6 d (Howe, 1956). Both larvae and 
adults of T. castaneum are resistant to starvation and can survive 14 to 40 d depending on 
temperature and r.h. (Good, 1936). Tribolium castaneum adults are relatively long lived.
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Adults live for three months to one year. For males, the average lifespan is approximately 
550 d and for females, 230 d. Adults can mate 1-2 d after emerging from the pupal case 
and can lay hundreds of eggs (Good, 1936). The pre-oviposition period is 7-10 d at 25°C 
and 70% r.h., and is decreased at higher temperatures. The oviposition rate is an average 
of 3-5 eggs/female/day, reaching its peak during the first 7 d of oviposition, but it 
decreases after 100 d. The optimum temperature for oviposition is 32.5°C. Low humidity 
affects oviposition at cooler temperatures. However, neither temperature nor humidity 
affects egg hatchability. At 32.5°C and 70 % r.h., an average of 539 eggs is laid per 
female over 7 wk (Howe, 1962).  
 
1.2.2 Basic Insect Food Requirements 
 Insect growth is shortest when feeding on optimal diet. Higher mortality, 
elongated developmental time, and increased variation in developmental time among 
individuals have been reported when insects are fed poor quality diets (Fraenkel and 
Blewett, 1943a). Quality, quantity, and balance between and within the major classes of 
nutrients in the diet are important factors that may affect insect development (House, 
1961). 
Most insects require adequate amounts of amino acids (AA) in their diet for optimal 
growth, which is acquired by protein digestion. AA requirements vary between insect 
species. The essential AA reported for T. confusum, include: arginine, histidine, 
isoleucine, leucine, lysine, methionine, phenylalanine, valine, and tryptophan. Besides 
AA, they also need carbohydrates (source of energy), lipids, vitamins, major minerals 
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(Nation, 2002), and sterols (Beck and Kapidia, 1957; Fraenkel, 1959). Behaviors such as 
egg cannibalism (Howe, 1962; Mertz and Robertson, 1970; Zeigler, 1978) and feeding on 
dead insects by T. castaneum larvae and adults (LeCato, 1975) for nutritional gain have 
been reported in low quality diets. 
 
1.2.3 Tribolium castaneum Nutritional Requirement 
Although, there is some nutritional information available for T. castaneum, more 
information is available for the closely related species T. confusum. It seems reseanable 
to assume that many of the requirements reported for T. confusum are similar to those 
required by T. castaneum. Tribolium confusum populations increase on high-protein diets 
(20 to 40% protein) (Chiu and McCay, 1939). AA requirements of T. castaneum include 
arginine (0.4%), histidine (0.2%), isoleucine (0.3%) and leucine (0.7%) for survival 
(Taylor & Medici, 1966). It is expected then that, T. confusum larval weight is 
significantly greater if they feed on a diet with higher levels of histidine (0.6%), 
isoleucine (1.2%), leucine (1.4%), phenylalanine (0.8%), and tryptophan (0.2%) than that 
of larvae reared on a minimal diet. Carbohydrates, yeast (5% both water soluble and 
water insoluble factors), and cholesterols are critical for rearing Tribolium, and absence 
of one of these components slows down the growth rate of T. confusum (Fraenkel and 
Blewett, 1943b). Contradictory to Fraenkel and Blewett’s (1943b) findings, Nation 
(2002) noted that Tribolium species can be reared on diets without carbohydrates. Wheat, 
maize and rice are reported as an optimal source of starch for T. castaneum larval 
development (Applebaum and Konijn, 1965). Tribolium requires a source of sterols. 
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Yeast (0.5%) in an artificial diet provides this necessary source of sterols for insects 
(Fraenkel and Blewett, 1943c & 1943d).  
Vitamins of the B group (aneurin, riboflavin, nicotinic acid, pyridoxine, pantothenic 
acid, biotin, and choline choloride) are vital for T. confusum and omitting even one of 
them extends T. confusum developmental time (Fraenkel and Blewett, 1942; Nation, 
2002; Fraenkel and Blewett, 1943b & 1943c). An increase in larval developmental time 
occurred when dietary vitamin B was reduced from 2% to 0.5% (Sweetman and Palmer, 
1928).  
 
1.2.4 Food’s Susceptibility to Tribolium castaneum Infestation 
Tribolium castaneum has been reported to feed on a wide variety of products 
including flour, meals, cereals, animal matter, wood, dried fruit, vegetables, drugs, 
damaged seeds, cracked nuts, as well as whole-wheat flour which has a higher risk of 
being infested by this insect (Good, 1936). Food nutrients, moisture content (m.c.), 
particle size, and degree of infestation affect T. castaneum feeding choice (Oosthuizen, 
1945; Willis and Roth, 1950; Loschiavo, 1952). In Oosthuizen’s (1945) study, wheat 
flour and maize flour were significantly more attractive to T. castaneum than any other 
products with larger particles, and they had highest oviposition on wheat flour. 
Oosthuizen (1945) reported that T. castaneum grows slower on wheat flour (average of 
27.5 days) and that the greatest developmental rate was observed in T. castaneum on 
germ (average of 23.1 days). Differences in protein and fat content in flour and germ 
were suspected as the possible causes (Oosthuizen, 1945). Tribolium castaneum was 
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more attracted to fresh food with finer particles (Loschiavo, 1952) and higher m.c. of 
15% compared with 7% (Willis and Roth, 1950).  
 
1.3 Dried Distillers Grains with Solubles 
Dried Distillers Grains with Solubles (DDGS) is a co-product of these milling 
methods: dry grinding, wet milling, and dry milling. Dry grinding is the most common 
method (Rosentrater, 2007; Kingsly and Ileleji, 2009; Kingsly et al., 2010). The starch 
portion is fermented by adding enzymes, and then alcohol is removed by distillation for 
the production of ethanol as fuel and alcohol for beverages. The remaining un-
fermentable residues are separated into two parts - liquids and distillers wet grain (DWG) 
(insoluble solids). The liquid residue permutes to condensed distillers solubles (CDS) 
after excess water evaporation. Then, CDS is added to DWG, and the compound is dried 
(Ileleji et al., 2007). The remaining solid (DDGS) contains protein, fiber, oil and ash with 
approximately 2-3 times the concentration of the nutritional components than raw grain, 
except starch, which is lower in DDGS (Shurson et al., 2003). Corn, as the most common 
grain in the USA, has been used in biofuel ethanol production (Rosentrater, 2007). As a 
result, Midwestern states in the United States are the corn-based DDGS production 
centers (Ginder, 2007).  
Different types of DDGS vary in color, odor, and concentration of nutrients, 
digestibility, particle size, and bulk density (Cromwell et al., 1993; Shurson et al., 2003; 
Kingsly et al., 2010). Mixing different ratio of CDS with DWG affects the physical and 
chemical components of the samples (Kingsly and Ileleji, 2009; Kingsly et al., 2010). 
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Increasing the amount of CDS increases the moisture content, particle size, bulk density, 
fat, ash, sugar, and glycerol but decreases crude protein and crude fiber (Kingsly et al., 
2010). Adding more CDS results in darker colored DDGS (Kingsly et al., 2010), which 
has a stronger burnt odor (Cromwell et al., 1993). A non-linear model designed by Probst 
et al. (2013) can predict the final DDGS nutrient compositions by using the DWG and 
CDS initial nutrients and percentages of mixing. Since there is no agreement on the 
amount of CDS usage during the production process among different plants, CDS is 
added based on their availability. Therefore, the CDS proportion used in the DDGS 
production process varies from batch to batch and as a result DDGS quality and price is 
not stable (Kingsly et al., 2010). Using a constant DWG/CDS ratio, while keeping other 
production processes the same, is an effective way to reduce the high variation in the 
quality of DDGS (Probst et al., 2013).  
DDGS has been used in animal feed, especially for cattle, poultry, and swine to 
replace corn or other grains (Shurson et al., 2003; Stein and Shurson, 2009). It has been 
reported that different kinds of DDGS with different colors and odors varies in chemical 
and nutritional composition and physical characteristics, which affected the growth rate 
and weight gain of chickens and pigs fed nine sources of DDGS (Cromwell et al., 1993). 
Studies showed that digestibility of some the nutrients in animal feed that contain DDGS 
is lower compared with grain-based feed (Shurson et al., 2004; Nyachoti et al., 2005; 
Kleinschmit et al., 2006; Stein and Shurson, 2009). Heat damage during the DDGS-
ethanol production process has been reported as one of the reasons that may affect and 
reduce animal access to the DDGS nutrients especially AA (Cromwell et al., 1993; 
   10 
Kleinschmit et al., 2006). Low flowability and particle segregation due to inconsistent 
particle sizes in DDGS was mentioned by Ileleji et al. (2007) as a cause of uneven 
distribution of the nutrition component in the feed and should be avoided before sampling 
(Ileleji et al., 2007).  
DDGS has been used as bait for trapping cockroaches (Brenner, 1988; Brenner and 
Patterson, 1988; Brenner and Patterson, 1989) and as a bait carrier for controlling fire 
ants (Kafle et al., 2010). Especially in the field, traps containing DDGS-bait are effective 
since they don’t attract mammals while attracting roaches (Brenner and Patterson, 1988; 
Brenner and Patterson, 1989). After rain in the field, DDGS products are more effective 
to pull fire ants into the bait than the normal baits (Kafle et al., 2010). Particle size of 
DDGS has an important role in being carried by fire ants to their nest. Particle size of 
0.80-2.00 mm was reported as the most efficient size for using DDGS as a carrier (Kafle 
and Shih, 2012). 
 
1.4 Effect of Environmental Condition on DDGS 
An increase in the environmental r.h. and temperature increases the equilibrium 
moisture content (EMC) of the DDGS. Additionally, the chemical composition of the 
DDGS affects water sorption decreasing the flowability, which can play a major part in 
transporting and storing DDGS (Ginder, 2007; Kingsly and Ileleji, 2009). Thus, it is 
recommended that r.h. be maintained at less than 50-60% at 20-30°C for safe storage of 
DDGS with moisture content (MC) less than 15% (Kingsly and Ileleji, 2009). 
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1.5 Preliminary Study 
Previous work by Fardisi et al. (2013) examined the development and fecundity of T. 
castaneum on DDGS and focused on the influence of two samples of DDGS obtained 
from an “old” generation dry-grind ethanol process plant as a food and oviposition 
resource in contrast with a traditional a flour (90%)/yeast (10%) diet (F/Y). Larval 
development was significantly faster on a F/Y diet (18.59 ± 0.32 d) compared with the 
DDGS sample 1 (44.11 ± 0.98 d) and DDGS sample 2 (34.46 ± 0.37 d). Also larval 
mortality was significantly higher on DDGS. DDGS sample 1 had the highest mortality 
(38.66 ± 4.2%) with a wider mortality range (range 66.67-6.67%) compared with F/Y 
(4.36 ± 1.02%, range 14.29-0%) and DDGS sample 2 (7.13 ± 1.73, range 26.67-0%). 
Both DDGS diets and the F/Y diet had no significant influence on egg incubation period 
(P=0.19), pupation time (P=0.98), and percentage of egg hatching (P=0.63) or pupal 
mortality (P=0.12). Additionally, in a no choice situation, fecundity was significantly 
lower on DDGS compared with the F/Y diet. A comparison of DDGS samples by particle 
size indicated that the larger particle size was less suitable for T. castaneum oviposition 
and development. These results seem to indicate that DDGS diets obtained from an “old” 
generation dry-grind ethanol process plant is not as suitable as the standard laboratory 
diet and that the addition of DDGS to animal feeds should not increase feed vulnerability 
to T. castaneum infestation. Additional research was needed to see if these results can be 
broadly applied to other types of DDGS. In the next step, chemical and physical 
characterisitics of DDGS that may affect DDGS susceptibility to T. castaneum infestation 
were reviewd. Finally, it was important to see if adding DDGS to the animal feed would 
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change their susceptibility to insect infestation and if there were any pest management 
implications to alternative uses of DDGS. 
 
1.6 Research Objectives 
The overall goal of the studies conducted for this dissertation was to understand the 
best condition for safe storage of DDGS by evaluating DDGS and commercial animal 
feed containing DDGS susceptibility to insect infestation.   
 
1.6.1 Specific Objectives 
This study consisted of four specific sub-objectives to achieve the following goals: 
1. A) Investigate the vulnerability of different types of DDGS to infestation by T. 
castaneum by determining T. castaneum developmental time (at 30, 50% r.h.) 
and fecundity (at 30% r.h.) when  DDGS compared with a standard laboratory 
diet (F/Y). Based on a study by Fardisi et al. (2013), T. castaneum laid fewer 
eggs on DDGS and larval development elongated compared with a normal 
laboratory diet. 
 B) Investigate the vulnerability of different types of DDGS to infestation by T. 
castaneum using a choice test to see if T. castaneum choose to aggregate and 
lay eggs on DDGS over F/Y. 
2. Investigate the vulnerability of commercially available animal feed and 
laboratory manufactured feed containing DDGS to T. castaneum infestation 
using a no-choice test. The addition of DDGS in laboratory manufactured feed 
   13 
and commercial animal feed is not expected to affect the vulnerability of these 
products to T. castaneum infestation.   
3. Examine the effect of chemical (nutritional value) and physical (particle size) 
properties of DDGS on T. castaneum development and larval weigh gain.  
4. Investigate the efficacy of DDGS as bait for trapping T. castaneum. DDGS 
has been used as a bait carrier for fire ants so it would be valuable to see if 
there are any alternative uses of DDGS as bait for monitoring T. castaneum 
infestation. 
The overall hypothesis is that DDGS products are not susceptible to T. castaneum 
infestation if they are stored in dry environmental conditions as a raw ingredient as large 
particles. Also, the addition of DDGS to animal feed should not affect its susceptibility to 
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CHAPTER 2. INVESTIGATING THE VULNERABILITY OF DIFFERENT TYPES 
OF DRIED DISTILLER’S GRAINS WITH SOLUBLES (DDGS) TO INFESTATION 
BY TRIBOLIUM CASTANEUM (RED FLOUR BEETLE) (HERBST) USING CHOICE 




Demand for Dried Distiller’s Grains with Solubles (DDGS) in international markets 
and in the United States has increased during the past few years. Knowledge of DDGS 
supplemented animal feed vulnerability to insect infestation is critical for safe feed 
storage. To assess this vulnerability, it is necessary to know how DDGS is susceptible to 
insect infestation, while stored as raw ingredient. This research focused on the 
susceptibility of different types of DDGS (raw and ground) to red flour beetle, Tribolium 
castaneum (Herbst), infestation under 30% and 50% relative humidity (r.h.) regimes. 
Days to pupation of T. castaneum at 30% r.h. increased 2-3 times on raw DDGS diets 
with larger particle sizes compared with their normal laboratory diet, a mixture of flour 
and yeast (9:1) (F/Y). However, grinding DDGS samples and increasing the r.h. to 50% 
increased DDGS vulnerability to T. castaneum infestation compared with raw DDGS at 
r.h. of 30%. As was expected, T. castaneum egg and pupal development were not 
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affected by diet or humidity. The results suggested that DDGS as a raw ingredient at 30% 
r.h. was not a suitable food source for T. castaneum and given a choice, the majority of T.  
castaneum adults prefer laboratory diet over DDGS. Additionally, fecundity was 
significantly lower on DDGS compared with the control diets (F/Y and ground corn 
(GCORN)). These results indicated that these types of DDGS were not suitable 
developmental diets compared with the F/Y diet if stored at 30% r.h. with larger particle 
sizes. Thus, the vulnerability of animal feeds should not be negatively affected by the 
addition of DDGS when the insect of primary concern is T. castaneum.  
 
2.2 Introduction 
Dried Distiller’s Grains with Solubles (DDGS), a co-product of the ethanol-
production process, has a high nutritional content and is used in animal feed as a 
substitute for corn or other grains (Rosentrater, 2007; Kingsly and Ileleji, 2009; Kingsly 
et al., 2010). After sugar in the grain (such as corn) is fermented into ethanol, the 
remaining un-fermentable residues are separated into two parts - liquids and insoluble 
solids. Liquids are further condensed by using an evaporator, and are known as 
condensed distillers soluble (CDS), while the insoluble solids are known as distillers wet 
grains (DWG). DDGS is produced by blending CDS and DWG and is then dried to reach 
a final moisture content (m.c.) of 10-13% (Rosentrater, 2006; Kingsly et al., 2010). 
DDGS contains protein, fiber, oil, and ash in concentrations approximately 2-3 times 
higher than raw grain (Shurson et al., 2003). 
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DDGS production has dramatically increased during the past few years. Changes in 
DDGS supply and demand results in DDGS price fluctuation. DDGS used to be priced 
10-25% lower than corn (RFA, 2011), but in the past two years DDGS was priced more 
than corn due to growing domestic and international market demands (U.S. Grains 
Council, 2014). One kg of corn produces 1/3 kg each of ethanol and DDGS (Rosentrater, 
2006). In the United States, more than 200 ethanol plants, primarily in Northern and 
Midwestern states, have the capacity to produce more than 53 billion l (14 billion gal.) of 
ethanol and 30 billion kg (30 million T) of DDGS (U.S. Grains Council, 2014). In 2013 
alone, more than 8 billion kg (8 million T) of DDGS was exported to more than 45 
countries. China, Mexico, Canada, Japan, and South Korea were the top 5 countries (U.S. 
Grains Council, 2014).    
Sixty percent of 2013’s Distiller’s Grains production was Dried Distiller’s Grains 
with Solubles (DDGS). Most Distiller’s Grains (DG) have been used primarily in cattle 
feed followed by feeds for swine and poultry (RFA, 2014). Before DDGS can be used for 
any purpose, it should be safely stored and transported to its final destination. Some 
common challenges when storing and transporting DDGS are caking, bridging, low 
flowability (Ganesan et al., 2008), and insect infestation. However, insect infestation in 
DDGS has not been thoroughly investigated and currently studies of DDGS susceptibility 
to insect infestation are limited. In 2012, US export of DDGS came under scrutiny 
following the discovery of insect pests in a container shipment to Vietnam (U.S. Grains 
Council, 2013). To prevent these incidents from happening in the future, and as more of 
these products are available to the feed industry, understanding the effect they might have 
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on the vulnerability of animal feed to insect infestation is necessary. To answer this 
question, first susceptibility of DDGS as raw ingredient to insect infestation should be 
investigated to establish the best conditions preventing insect pest infestation in stored 
DDGS.  
This research is based on a study by Fardisi et al. (2013) on the susceptibility of two 
DDGS samples, which were obtained from an “old” generation dry-grind fuel-ethanol 
process plant. Both DDGS samples were found as an unsuitable diet for T. castaneum 
(Herbst) at 32.5°C (Fardisi et al., 2013). Studies by others showed that chemical 
(Cromwell et al., 1993; Shurson et al., 2003; Kingsly et al., 2010) and physical properties 
of DDGS vary from each production facility (Rosentrater, 2006). Thus, the main 
objective of this study was to examine the vulnerability of different types of DDGS to T. 
castaneum infestation by using two experiments. The first experiment determined T. 
castaneum developmental time at two r.h. regimes (30% and 50% r.h.) and their number 
of successful fecundity at 30% r.h. on DDGS diets in contrast with a standard laboratory 
diet by using no-choice experiments. Optimal r.h. for T. castaneum growth is 70% 
(Howe, 1956; Arbogast, 1991), but for safe storage of DDGS at 20-30°C, r.h. should be 
<50-60% (Kingsly and Ileleji, 2009). Therefore, 30% and 50% r.h. regimes were chosen 
because at 30% r.h., environmental conditions suppress insect growth while remaining 
suitable for DDGS storage. While at 50% r.h. favorable growth conditions are provided 
for T. castaneum, and it is within the highest r.h. range recommended for DDGS storage. 
The second experiment investigated T. castaneum adult food preference by using a 
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choice test. The results from this study determined if T. castaneum could successfully 
infest stored DDGS, as raw ingredient, under two different r.h.’s storage conditions. 
 
2.3 Materials and Methods 
2.3.1 Insect Preparation 
Tribolium spp. is an excellent insect to study the susceptibility of storage commodities 
to insect infestation. All life stages live freely in the food and pupae, unlike some other 
pests, do not build cocoons, which makes them easily observable. The absence of 
intracellular symbionts in their gut is another advantage, which simplifies the analysis of 
their nutritional requirements (Fraenkel and Blewett, 1943). Tribolium castaneum were 
obtained from two cultures. The first was a laboratory colony which was maintained on a 
diet of wheat flour and brewer’s yeast (9:1) (F/Y) in I-36 series environmentally-controlled 
chambers at 27°C (±1) in the Department of Entomology at Purdue University, West 
Lafayette, IN, USA.  
To make sure that developmental results on DDGS diets were not due to habituation 
to a F/Y diet another T. castaneum culture was reared on a DDGS diet. The second 
culture was made by the following procedure: Six hundred randomly selected T. 
castaneum adults were allowed to oviposit in 3 glass jars (24 oz = ~710 ml Mason jar) 
(200 insects per jar); half-filled with the mixture of raw and ground (1:1) DDGS sample 
called P3-B1. Designation P3-B1 refers to Plant 3-Batch 1 (Fig 2.1). This colony was kept 
at 32.5°C  1.0°C and 50% r.h. in environmentally-controlled chambers. After 2 d, adults 
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were removed from jars. Tribolium castaneum colonies on DDGS diet were made by 
adding adults which were reared on a P3-B1 diet, to fresh P3-B1 diet jars once a month.  
 
2.3.2 Diet Preparation 
Six samples of DDGS were tested in this study including: five samples made of corn 
(CDDGS) and one sample made of sorghum (SDDGS) (Fig 2.1). Normal laboratory diet 
(F/Y) and ground corn (GCORN) were also used as control diets for comparison with 
DDGS samples. GCORN was chosen as a second control diet, since most of DDGS 
samples were corn-based. Diets were kept refrigerated for longer preservation and DDGS 
diets were re-blended before using in experiments to mix segregated particles. DDGS 
samples included: 
1. CDDGS sample #1 was labled as Plant 1 (P1) and it was obtained from an “old” 
generation dry-grind fuel ethanol process plant. An “old” generation is defined as a 
plant, constructed in the early 1980s compared with “new” generation dry-grind fuel 
ethanol process plant, built after 1990 (Ileleji et al., 2007). This sample was prepared 
and dried in New Energy Corporation in South Bend, IN, USA. 
2. CDDGS samples #2-5 were obtained from two “new” generation dry-grind fuel 
ethanol process plants. Sample #2 was obtained from Iroquois Bio-Ethanol 
Company, LLC Rensselaer, IN, USA and it was labeled as Plant 2 (P2). The rest of 
samples from #3 to #5 were labeled as Plant 3 (P3) and were originally produced in 
the Andersons Clymers Ethanol LLC, Clymers, IN, USA. Plant 3 samples were 
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produced by mixing different concentration of CDS with DWG according to Kingsly 
et al. (2010) as summarized below: 
1. 212 l/min CDS (7.4% of total inflow by volume) (Batch 1) (P3-B1) 
2. 98.4 l/min CDS (3.7% of total inflow by volume) (Batch 2) (P3-B2) 
3. 0 l/min CDS (0% of total inflow) (Batch 3) (P3-B3)  
3. SDDGS was made of pure sorghum in Texas, AZ, USA (Fig 2.1; Appendix).  
DDGS diets contained bigger and inconsistence particle sizes compared with F/Y diet 
which had fine particle size. Therefore, ground samples of the P3-B1, P3-B2, and P3-B3 
(GP3-B1, GP3-B2, and GP3-B3) were also provided using a Udy cyclone mill (UDY 
Corporation, Fort Collins, CO). 
 
2.3.3 DDGS Physical and Chemical Properties 
Different production procedures affect physical and chemical properties of the final 
DDGS products (Ganesan et al., 2006; Ganesan et al., 2008; Kingsly et al., 2010). For 
example particle size is different among DDGS samples (Kingsly et al., 2010) and seems 
to be an important factor in susceptibility of DDGS to T. castaneum infestation (Fardisi et 
al., 2013). Therefore, physical and chemical properties of samples tested in these 
experiments are summarized in Table 2.1. Particle size was measured by using 2 
methods. First, American Society of Agricultural and Biological Engineers (ASABE) 
Standard (S) 319.4 procedure was used. In this method 100 g of diet was poured through 
US sieves (US sieve No. 4 (with opening size of 4.75-mm) to US sieve No. 270 (with 
opening size of 0.053-mm)). The set of sieves was then vibrated in a Ro-Tap shaker (RX-
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29, Tyler Inc., Mentor, OH, USA) for 10 min (American Society of Agricultural and 
Biological Engineers, 2008). The weight of each sieve was recorded and then sieves were 
shaken again for 1 more min in the Ro-Tap shaker. If the weight changes in the smallest 
sieve containing sieved material were equal or less than 0.1% of the material during a 1 
min shaking, the process was considered complete. Following the ASABE S 319.4 
procedure, particle sizes were calculated for each diet. Due to very small particles in 
some of the samples, the sieve’s openings were clogged. Therefore, results based on the 
standard method were overestimated. Thus, an additional shaking procedure was used, in 
which samples were hand-forced through the sieves after 10 min of shaking. The 
geometric mean diameter (dgw), an international standard method for measuring particle 
size, and geometric standard deviation (Sgw), which describes how spread the particle 
sizes are, were calculated.  
Equilibrium moisture content (EMC) of the samples, after they were preconditioned 
for 2 wk at 30% and 50% r.h. in environmentally-controlled chambers, was determined 
by oven drying a 2 g sample in an aluminum dish for 3 h at 105°C. Samples were 
weighed before and after drying. Moisture content of samples was measured by 
subtracting the percentage of the dry matter from one hundred (Shreve et al., 2006). For 
chemical composition analysis, samples were analyzed by using Association of Official 
Analytical Chemists (AOAC) methods and crude protein was reported for all samples 
(Association of Official Analytical Chemists, 2000) (Agricultural Experiment Station 
Chemical Laboratories, Columbia, MO) (Table 2.1).  
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2.3.4 Tribolium castaneum Development 
Larval development time, or the number of day from egg hatch to pupation, is one of 
the best factors for assessing the susceptibility of a diet to insect infestation (Fraenkel and 
Blewett, 1943). The method to determine T. castaneum development was fully explained 
by Fardisi et al. (2013). Adults were placed on a thin layer of F/Y in a jar (400 ml) in the 
environmentally-controlled chamber for 1 d at 32.5°C   1.0°C. Then, eggs were obtained 
by sifting F/Y through a No. 80 sieve (Seedburo Equipment Company (Des Plaines, IL, 
USA)/0.180-mm hole size) and then placed in the wells of a 16-well plate (1 egg per cell) 
filled with 0.125 ml of the diet so that the eggs could be seen easily to determine the date 
of egg eclosion (larval emergence from egg case). After 3 days, cells were checked every 
6 h until larval emergence. Once larvae emerged, cells were half filled (~1 ml) with the 
same diet. Well plates were checked daily, when it was determined that the larvae were 
close to being fully grown until adult emergence or pupal death. Emerged adults were 
removed from their cells immediately. A minimum of 15 replications were completed for 
each diet at 2 r.h. regimes (30% and 50% r.h.).  
To see if adaptation to new diet had occurred, eggs from P3-B1 colonies were 
obtained after 6 generations following the same procedure that was explained above. The 
term adaptation was used to indicate if T. castaneum population became adjusted to the 
new diet and had “better” performance. In this study, “better” performance means faster 
larval growth or lower larval mortality. Larval developmental time and mortality of 
insects from normal laboratory culture and P3-B1 culture were compared on P3-B1 diet, 
ground and raw, over F/Y diet. Thus, decrease in mortality and developmental time was 
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expected if adaptation to the new diet happened after multiple generations of T. 
castaneum feeding on DDGS. Seven replications were done for this part of experiment. 
 
2.3.5 Fecundity 
Newly emerged (2-5 d-old) male and female adults in separate containers were 
obtained by sexing pupa from a laboratory colony. One male×female pair was placed in a 
Petri dish half-filled (20 ml) with diets including F/Y, GCORN, raw and ground P3-B1, 
P3-B2, and P3-B3, thirty nine replications each. Dishes were held for 3 wk at 32.5°C 
  1.0°C and 30% r.h. in an environmentally-controlled chamber. After a 3 wk 
oviposition period, adults were removed from Petri dishes. The numbers of larvae and 
pupae alive after two additional wk were counted. Thus, fecundity was defined as the 
numbers of eggs laid, less those eggs that did not hatch and those that did not survive the 
first 2 wk of life. Since developmental growth was more rapid on F/Y diet, the F/Y Petri 
dishes were checked at the end of the 4
th
 week and insects were removed as they pupated. 
In order to separate the larvae in F/Y, a No. 80 sieve (Seedburo Equipment Company 
(Des Plaines, IL, USA)/ 0.180-mm hole size) was used, but for counting larvae in DDGS 
diets, particle sizes were separated by using sieves No. 80, No. 18 (Seedburo Equipment 
Company (Des Plaines, IL, USA)/1.00-mm hole size) and No. 14 (Seedburo Equipment 
Company (Des Plaines, IL, USA)/1.40-mm hole size). The content of each sieve was 
examined to count fecundity (Fardisi et al., 2013).  
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2.3.6 Data Analysis 
Statistical analysis was conducted using Statistica 12 (StatSoft, Inc., 2013). A 
randomized block design was used to study the effect of diet and humidity on T. 
castanium development. For developmental comparison, each well plate containing 16 
cells was recorded as one replication. The average number of days for each life stage was 
determined as well as egg hatching percentage, larval and pupal mortality per replication. 
Multivariate Analysis of Variance (MANOVA) was used for comparing the average 
number of days and probability of individuals to complete each life stages (egg, larval, 
and pupal stage) by diet and r.h. while Tukey's Honestly Significant Difference (Tukey's 
HSD) test was used to show differences among treatments means. Due to non-normality 
of fecundity data, they were square root transformed before analysis. One-way Analyses 
of Variance (ANOVA) and Tukey’s HSD test were used for comparing fecundity among 
different diets. Standard errors (SE) of means were reported. 
 
2.3.7 Insect Food Preference by Using a Choice Test 
The objective of this experiment was to test the food preference of T. castaneum in a 
choice test when they were free to choose their food. It helped in better understanding the 
vulnerability of various types of DDGS to T. castaneum infestation in the storage. For 
this study, the susceptibility of diets to T. castaneum infestation was estimated by small 
and medium scale experiments.  
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2.3.7.1 Small Scale Experiment 
2.3.7.1.1 Insect Preparation 
Pupae from a laboratory colony were sexed and kept in separate containers until adult 
emergence. One hundred 2 wk old adults of each sex (total of 200 adults) were placed in 
a container half-filled (20 ml) with diet that they were fed as larvae and held at 32.5°C, 
50% r.h. in the environmentally-controlled chamber. Insects were starved 24 h before 
they were used in the experiment to increase their feeding motivation. To see if 
adaptation to new food media had occurred, pupa from P3-B1 colony were sexed and 
prepared for the experiment by following the same procedure that we used for the insects 
from normal laboratory colony. Adaptation at this level would be suggested if the beetles 
showed higher tendency to aggregate on the diets they fed on as larvae, over the other 
diet. The following experiments were performed: 
 
1) F/Y vs. P1 (CDDGS came from “old” generation fuel process plant) 
2) F/Y vs. P3-B1 (CDDGS with the highest amount of syrup) 
3) F/Y vs. P3-B3 (CDDGS with no syrup) 
4) F/Y vs. P3-B1 (Insects were obtained from P3-B1 colony) 
5) P3-B1 vs. P3-B2 vs. P3-B3 
 
2.3.7.1.2 Experimental Setup 
Diets used in this experiment were preconditioned at 32.5°C, 50% r.h for 4 d before 
the experiment started. Similar food preference chambers to those developed by 
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Loschiavo (1952) were used in this study (Fig 2.2). The experimental setup consisted of a 
cylindrical aluminum chamber (22-cm-dia. and 9-cm-height), closed at the bottom with 
an aluminum sheet. A plastic-raised stage (10.5-cm-dia. and 3.5-cm-height) was placed at 
the center of the chamber. Aluminum partitions (3.2-cm-wide) were used to create 
individual diet sections. DDGS or flour diets were separated by the partitions and the 
surface of the food samples were leveled without packing. A dark plastic cover was 
placed on the top of the chamber to eliminate the effect of light on insect distribution. 
The plastic cover contained a small hole at the center for the introduction of insects.  
To facilitate the introduction of a large number of beetles, an insect introduction 
device was designed. This device consisted of a glass funnel (5-cm-dia.), connected to the 
plastic cover through a center hole. The end of the funnel tube was attached to a plastic 
Petri dish (5-cm-dia.) placed on the raised stage. A rubber stopper was used on the top of 
the plastic cover (exterior side of the chamber) to hold and control the position of the 
funnel and Petri dish. A total of two hundred male and female adults were introduced 
through the funnel opening, dropped and kept on the stage for 2 h as an acclimation 
period, while the Petri dish was kept on the stage.  
After a 2 h acclimation period, the funnel was raised and was kept in that position by 
the rubber stopper and the insects were then free to move about the diets. The food 
preference chamber was kept in an environmentally-controlled chamberat 32.5°C, 50% 
r.h for temperature and r.h. control. After 48 h, the food preference chamber was 
removed from the environmentally-controlled chamber and each sample was removed 
and sifted. The numbers of T. castaneum in each section were recorded. Diets were 
   31 
collected in the Mason jars after adults were removed and were kept in the 
environmentally-controlled chamber at 32.5°C, 50% r.h. for additional 2 wk to compare 
their fecundity during the 48 h experimental period on each diet. As in the section 2.3.5 
fecundity was defined as the numbers of larvae and pupae, which were found after 2 wk. 
 
2.3.7.2. Medium Scale Experiment 
2.3.7.2.1 Insect Preparation 
Two hundred Tribolium castaneum adults of mixed-aged and mixed-gender were 
selected for each experiment to simulate the insect population in the food processing 
facilities.  
 
2.3.7.2.2 Experimental Setup 
To determine T. castaneum food choice, two medium-size (2×2 m
2
) arenas were used. 
Each arena was made of 4 plywood panels (1×1 m
2 
each panel) sealed together with 
silicone caulk. Arenas were enclosed by 8 sheets of Plexiglas (1m length × 0.3m tall). To 
prevent insects escaping by flight, a transparent mesh cloth was used to cover the top of 
the arena.   
Two arenas were setup in a room at the Department of Entomology at Purdue 
University, West Lafayette, IN, USA with an average temperature of 29.4°C ± 1°C and 
average r.h. of 30 ± 10%. Two Pitfall traps (Storgard
TM 
Dome monitoring traps) were 
placed in the arena as observational units. Traps were placed randomly at each corner of 
the arena; 10 cm away from the edges and approximately 1.8 m apart from each other to 
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reduce trap catch interference. The following experiments were performed with 8 
replications: F/Y vs. P3-B1, F/Y vs. P3-B3. 
Adults of T. castaneum from laboratory colonies were collected in a Mason jar by 
using vacuum. A plastic cup (163 ml, Solo® Cup Company, Urbana, IL, USA)  with a 
circular opening in the bottom was placed upside down in the center of the arena and 
adults were transferred to the inverted cup by using a small glass funnel by injecting the 
narrow tube section through the opening (5-cm-dia.). Adults were starved and acclimated 
in the center of the arena for 24 h. After 24 h of acclimation and starvation, the plastic 
cup was removed and beetles were free to move in the arena. Numbers of the beetles in 
each trap was recorded after 5 d.  
 
2.3.8 Data Analysis 
Statistical analysis was conducted using Statistica 12 (StatSoft, Inc., 2013). In the 
small scale experiment, T-test was used to compare the effect of diet as an independent 
factor on two dependent factors 1- average numbers of adults, which were recovered 
from diets after 48 h of experiment, and 2- average numbers of larvae and pupae, which 
were recovered 2 wk after the experiment started. MANOVA was used to compare the 
effect of P3 diet as an independent factor on average numbers of adults, which were 
recovered from diets after 48 h of experiment, and fecundity. 
In the medium scale experiment, the probability of trap catch for each treatment was 
calculated by dividing the numbers of the adults in each trap by total numbers of adults 
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trapped in the arena for each replication. T-test was used to determine the effect of diet as 
independent factor on probability of trap catches as dependent factor.  
 
2.4 Results and Discussion 
2.4.1 Tribolium castaneum Development 
There was significant interaction effect between diet and r.h. on days to T. castaneum 
pupation and larval mortality (factorial MANOVA: Wilks’λ = 0.36, F(20, 614) = 20.4672, P 
< 0.0001). Days to T. castaneum pupation significantly increased when T. castaneum fed 
on DDGS diets at 30% r.h. (Table 2.2). However, under high humidity conditions, days 
to pupation dramatically decreased when fed ground samples of DDGS compared with 
raw DDGS. Moreover, at 50% r.h. there was no significant difference between larval 
developmental time on GCORN, P1, GP3-B1, GP3-B2, and SDDGS. Given the significance 
of the overall test, the univariate effects were examined for each of these two dependent 
variables. Significant interaction effect between diet and r.h. was obtained for days to 
pupation and larval mortality (Table 2.3A). Thus, days to pupation and larval mortality, 
when fed different diets, depended on the storage humidity. The higher the humidity, the 
faster the growth was and the lower the mortality of larvae (Fig 2.3). As expected, the 
overall MANOVA was not significant for egg development, percentage eclosion, pupal 
development or mortality (Table 2.2 & 2.4) as these are non-feeding stages. 
Developmental results for egg, larval, and pupal stages on laboratory diet (F/Y) were 
similar to Howe’s results (1956) (Table 2.2). 
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Days to pupation was shortest on F/Y diet at 50% r.h. (15.62 ± 0.33 d) and longest on 
P3-B2 diet at 30% r.h. (49.63 ± 1.52 d) compared with all diet×r.h. combinations (Table 
2.2). Tribolium castaneum larval stage elongated 1.6-2.6 fold at 30% r.h. and 1.4-2.1 fold 
at 50% r.h. when fed on DDGS diets compared with F/Y (Table 2.2, Fig 2.3), although 
DDGS contain appraximatly 2 times protein content than F/Y (Table 2.1). Larval 
mortality was significantly higher (above 30%) on P1, P2, and S-DDGS at 30% r.h. while 
it was under 25% for other samples. By increasing the humidity, mortality dramatically 
decreased except for diets of P3-B3 and GP3-B1 which was slightly increased but not 
significantly different (Table 2.2, Fig 2.3). 
Results showed that larval period was affected by particle size of the diet. F/Y, as the 
most susceptible diet to T. castaneum, had the smallest particle size followed by 
GCORN, GP3-B1, GP3-B2, GP3-B3, SDDGS, P1, P2, P3-B3, P3-B2, and P3-B1 (Table 2.1). 
DDGS particle size increases as the CDS amount increases during the production process 
(Kingsly et al., 2010; Clementson and Ileleji, 2012). Tribolium castaneum larval 
development was significantly faster on GP3-B1, GP3-B2, and GP3-B3 compared with raw 
samples (Table 2.2, Fig 2.3). Grinding the samples to smaller particle sizes was most 
likely the reason for the increasing vulnerability of GP3 samples to T. castaneum 
infestation. There was no significant difference between days to pupation on GP3 batches, 
GCORN, and SDDGS at 50% r.h., because the particle size on SDDGS was as small as 
GP3 samples (Table 2.1 & 2.2, Fig 2.3). Days to T. castaneum pupation, when fed 
GDDGS at 50% r.h., was an average of 21-25 d compared with F/Y (15.62 ± 0.33 d) and 
GCORN (20.09 ± 0.20 d). Results indicated that DDGS was susceptibile to T. castaneum 
   35 
when DDGS was ground and stored in a high humid storage conditions. These results 
supported our previous study that T. castaneum larval developmental time elongated with 
higher mortality on DDGS with large particle sizes (Fardisi et al., 2013). Jang et al. 
(1982) showed T. castaneum preference for feed with finer materials. Tribolium 
confusum (Duval) (common name: confused flour beetle), a closely related species, also 
grew in a shorter period of time and increased in population while feeding on soft flour 
compared with tough barley and wheat grains and groats (Kordan and Gabryś, 2013). 
DDGS pelletization has been investigated by others (Meier, 2010; Thomas, 2014). 
Besides enhancing DDGS transportation (Meier, 2010), pelletizing DDGS might be a 
potential effective way to increase insect pest management for secondary feeders such as 
T. castaneum.  
Relative humidity was an important factor in changing the susceptibility of DDGS 
diets to T. castaneum infestation as they grow faster at higher r.h. conditions. This might 
be explained by DDGS being highly hygroscopic (Kingsly and Ileleji, 2009). An increase 
in environmental humidity increases m.c. of the DDGS. After preconditioning diets for 2 
wk at 30% and 50% r.h., m.c. of samples was significantly increased by 1.3-1.97 fold at 
50% r.h. compared with 30% r.h. (Table 2.1). These results were supported by Kingsly 
and Ileleji’s study (2009) on moisture sorption isotherm of DDGS, which was defined as 
the relationship between the m.c. of DDGS and the r.h. of the surrounding environment. 
They found at 30°C and r.h. of 50%, m.c. of DDGS can increase by 2 fold, up to 11% 
compared with 6% m.c. at 30% r.h. (Kingsly and Ileleji, 2009). They concluded that the 
   36 
m.c. of DDGS positively related to CDS added during the production process, r.h., and 
temperature of surrounding environment (Kingsly and Ileleji, 2009).  
Fraenkel and Blewett (1944) looked at the effect of low and high r.h. on T. confusum, 
Ephestia kuehniella (Zeller), and Dermestes vulpinus (L.) pupal weight and larval 
developmental time. These insects feed on very dry foods but 60-70% of their body 
weight is water. Therefore, they accumulate water by oxidizing food storage in their 
body. Murdock et al., (2012) also found out 82% of the body water in 4
th 
instar 
Callosobruchus maculatus (F.) larva came from metabolic water. Studies showed at low 
r.h. larvae grow more slowly, probably due to acquiring metabolic water in a longer 
period of time (Fraenkel and Blewett, 1944). Higher m.c. in DDGS may increase 
accessibility of T. castaneum to nutrients and water. Probably higher r.h. and m.c. softens 
DDGS’s texture and increases insect’s access to more nutrition. Pixton et al. (1971) also 
mentioned insects prefer food with high m.c. as they are softer. In the current experiment, 
increase in the m.c. of the DDGS by an average of 1.6 fold, resulted in decrease in larval 
developmental time by an average of 1.5 fold. As a result, an increase in environmental 
storage humidity decreases the required time for T. castaneum to grow. Studies also 
showed that pelletized DDGS can be dried to a lower m.c. (Meier, 2010; Tumuluru et al., 
2010). Therefore, pelletizing combined with reduced environmental storage humidity is 
recommended for DDGS insect-free storage.  
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2.4.2 Tribolium castaneum Adaptation to DDGS 
Consistent results were obtained for T. castaneum larval development from P3-B1 
colony compared with lab colony. There was a significant interaction effect for diet and 
r.h. on T. castaneum time to pupation and larval mortality of insects that came from P3-B1 
colony (factorial MANOVA: Wilks’λ = 0.1069, F(4, 64) = 32.9400, P < 0.0001). Given the 
significance of the overall test, the univariate effects were examined and significant 
interaction effect between diet and r.h. were obtained for time to pupation and larval 
mortality (Table 2.3B). Therefore, time to pupation and larval mortality on different diets 
depends on r.h. (Fig 2.4A & B). Larval developmental time decreases by increasing the 
humidity, and development was shortest on F/Y at 50% r.h. (Fig 2.4A & B). There were 
no significant differences between larval mortality of insects from P3-B1 colony feeding 
on different diets except, insects fed on raw P3-B1 showed extremely higher mortality and 
larvae did not reach the pupal stage in 3 out of 7 replications at r.h. of 30%.  
By comparing the results from lab colony and P3-B1 colony, significant three-way 
interaction effect between diet, r.h., and culture on time to pupation and larval mortality 
were obtained (factorial MANOVA: Wilks’λ = 0.42, F(4, 136) = 18.6570, P < 0.0001). 
Given the significance of the overall test, univariate results were examined. Again, there 
was significant three-way interaction between diet, r.h., and culture for each dependent 
factors. Thus, time to pupation and larval mortality of insects from different cultures 
depends on the environmental r.h. and the diet they were fed (Table 2.3C). At 50% r.h. 
there was no difference in development of insects from lab colony and P3-B1 colony. 
Insects from P3-B1 colony pupated on F/Y and GP3-B1 diets at 30% as fast as the insects 
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from lab colony. However, days to pupation of the insects selected from P3-B1 colony 
was extremely extended while feeding on P3-B1 diet at 30% r.h.. In general, larval 
mortality of insects from P3-B1 colony was unchanged or even slightly decreased except 
on P3-B1 diet (Table 2.5). This can be explained by an extreme difference in the 
experimental r.h. of 30% compared with the environmental r.h. of 50% while rearing the 
P3-B1 colony.   
Bergerson and Wool (1988) studied T. castaneum adaptation to new diets including: 
un-supplemented flour, brewers' yeast, dog food, oats, and powdered rice, enriched with 
vitamins. After rearing insects for 16 generations and comparing their developmental 
time on new diets compared with their normal diet (F/Y) they found out that adaptation to 
the new diets happened. Tribolium castaneum developmental time on un-supplemented 
flour, dog food, oats, and powdered rice became shorter and they survive better except on 
brewers' yeast and F/Y (Bergerson and Wool, 1988). However, Dawson and Riddle 
(1983) found no adaptation happened after rearing insects for 60 generations on new 
diets. Decrease in developmental time in Bergerson and Wool‘s (1988) study was more 
pronounced after 9 generations. Thus, decreases in time to pupation and larval mortality 
might happen if we would continue to rear insects on P3-B1 colony. In our study and 
Dawson and Riddle’s (1983) work, insects were primarly obtained from a lab colony. 
However, in Bergerson and Wool’s (1988) study, insect colonies were made by crossing 
fourteen laboratory strains of different origins so they may have had a higher variation for 
adaptation. 
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2.4.3 Tribolium castaneum Fecundity 
Average fecundity presented in Table 2.6 only included the Petri dishes in which the 
adults stayed alive and laid eggs until the end of the experiment. Out of thirty nine 
replications in twenty-five, twenty-four, eight, nineteen, fourteen and seven replications 
of P3-B1, P3-B2, P3-B3, GP3-B1, GP3-B2, and GP3-B3, respectively, at least one of the adults 
was found dead after 3 wk of the experiment or no larvae was found after two additional 
wk. Comparatively, 12 out of 39 Petri dishes and 4 out of 39 Petri dishes for F/Y and 
GCORN, respectively, were not considered in the statistical analysis. The number of eggs 
that hatched and survived for 2 wk were significantly lower on DDGS samples (raw P3 
and GP3) compared with the F/Y and GCORN diets (Table 2.6). Tribolium castaneum 
adults laid the highest number of eggs on F/Y and GCORN, almost 5-16 fold higher than 
raw DDGS samples and 4-5 fold higher than GDDGS diets as was shown by Fardisi et al. 
(2013). In other studies, significantly higher oviposition on flour was found compared 
with cracked and undamaged maize (Li and Arbogast, 1991). By comparing the 
productivity of T. castaneum and T. confusum on different grains higher numbers of 
adults were recovered from flours of whole wheat, corn, brown rice, rice, white wheat, 
and soy respectively (Sokoloff et al., 1966). Fecundity in GP3-B1, GP3-B2, and GP3-B3 
were slightly higher than raw samples (Table 2.6) which may be explained by lower 
oviposition rates or higher mortality of newly emerged larvae on raw samples. Lale and 
Yusuf (2001) studied the T. castaneum development and oviposition on whole, broken, 
and flour millet. They found significantly more beetles developed in a shorter period of 
time on flour than whole grain.  
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Similar fecundity was obtained with two samples of CDDGS in Fardisi et al. (2013). 
Tribolium castaneum fecundity in F/Y was 5-19 fold higher than DDGS samples (175.5 ± 
6.6 vs. 36.5 ± 2.3 & 18.0 ± 1.3 on F/Y, DDGS samples 1 and 2, respectively). Howe 
(1962) also found 77 eggs/week/female on wheat feed at 32.5°C at 70% r.h. which is 
comparable to an average of 67 and 51 eggs/week/female on F/Y and GCORN at 32.5°C 
at 30% r.h. respectively. In this study, fecundity was underestimated due to any larval 
mortality that could have happened during the first few wks. However, conditions were 
consistent for all diets, and DDGS, ground or raw, would be considered a relatively 
unsuitable diet compared with F/Y for the T. castaneum oviposition at 30% r.h.. 
 
2.4.4 Insect Food Preference by Using a Choice Test 
The majority of T. castaneum adult beetles, collected from lab or P3-B1 colony, 
showed a clear and consistent preference for the normal laboratory diet (F/Y) over the 
other test diets (Table 2.7, Fig 2.5A & 2.6A). F/Y diet consistently contained higher 
numbers of insects than any other DDGS diets that were tested in the small or medium 
size experiments. These results were comparable with other studies (Bergerson and 
Wool, 1988; Loschiavo, 1952). Even in a study with T. confusum, adults were mostly 
attracted to wheat flour (Loschiavo, 1952). After multiple generations of T. castaneum 
were reared on diets other than flour, they still chose flour diet rather than the food they 
were reared on (Bergerson and Wool, 1988). More than two-thirds of the adult beetles 
were found in F/Y rather than P1, P3-B1, and P3-B3 (Fig 2.5A & 2.6A). After 2 wk, 
significantly higher numbers of larvae and pupae were found in F/Y compared with any 
other DDGS diets in the small scale experiment (Fig 2.5B). However, the fecundity of 
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adults that came from P3-B1 colony was dramatically decreased on both F/Y and P3-B1 
diets but were still significantly higher on F/Y diet (Table 2.7; Fig 2.6B). Among P3-B1, 
P3-B2, and P3-B3, a majority of T. castaneum adults were found in P3-B3 (ANOVA: F(2, 6) = 
61.4337, P < 0.0001). However, there were no significant differences in their fecundity 
on different batches of the P3 samples (ANOVA: F(2, 6) = 0.4481, P = 0.6586) (Fig 2.5A 
& B). The reason might be the higher protein content and smaller particle size of P3-B3 
compared with P3-B1 and P3-B2. Studies showed that susceptibility of grains to T. 
castaneum infestation increases as the particle size of the diet decreases (Meagher et al., 
1982; Lale and Yusuf, 2001; Lale and Modu, 2003; Kordan and Gabryś, 2013) and food 
with finer particle sizes were more attractive to T. confusum than coarse ones 
(Oosthuizen, 1945; Loschiavo, 1952).  
 
2.5 Conclusion 
The results of this study demonstrated a clear preference of T. castaneum adults for 
F/Y diet over DDGS. In no-choice and choice experiments, T. castaneum fecundity was 
very low when feeding on ground or raw DDGS diets. Besides low fecundity on DDGS, 
developmental time indicated better preference of T. castaneum on F/Y and GCORN. 
Tribolium castaneum larvae reached adulthood faster on control diets (F/Y and GCORN) 
compared with DDGS diets. At 30% r.h. developmental time was greatly increased, 
especially on raw DDGS with large particle sizes. GDDGS at 50% r.h. increased DDGS 
vulnerability to T. castaneum infestation. However, insects feeding on DDGS for 
multiple generations could change the DDGS susceptibility to T. castaneum infestation. 
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This research has shown that DDGS as a raw ingredient at 30% r.h. is not a suitable food 
source for T. castaneum, but at higher r.h. of 50% this is not the case, especially if DDGS 
diets are ground. Results indicate that facility managers should store raw DDGS at r.h. of 
30% or less. Also pelletizing DDGS may provide an advantage against T. castaneum or 
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Table 2.1 Moisture content, protein, and particle size of diets used in the experiments (mean ± SE). 
Diet Crude Protein
1
 Equilibrium Moisture content Particle size (µm) 
30% r.h. 50% r.h. Standard method Modified method
4
  






 dgw  Sgw 
F/Y 13.92
a
 8.45±0.11def 11.09±0.08hi 278.62±103.50a 5.76±2.11 8.19±4.10a 2.69±0.09 
GCORN 6.88±0.02b 8.71±0.11efg 11.87±0.10i 473.05±75.28ab 3.09±0.49 32.83a 2.57 
P1
6
 24.36±0.04c 6.57±0.13bc 12.03±0.07i 676.00±19.04bcd 2.66±0.05 467.07bcd 2.05 
P2
6
 27.76±0.14d 5.61±0.09ab 10.08±0.10gh 641.30±3.15bcd 2.53±0.02 538.94bcde 1.88 
P3-B1
5
 26.69±0.14cd 5.49±0.08ab 9.06±1.13fg 983.70±22.31e 3.38±1.51 880.29e 1.78 
P3-B2
5
 28.77±0.03de 4.98±.14a 9.79±0.03fgh 917.02±67.98de 3.40±1.37 831.20de 1.72 
P3-B3
5
 32.33±0.80e 5.08±0.06a 7.28±0.07cd 800.37±73.63cde 3.52±1.22 636.82cde 1.80 
GP3-B1
5
 26.69±0.14cd 5.54±0.26ab 9.94±0.07gh 388.58±49.51ab 3.62±0.44 202.97±15.80ab 2.30±0.02 
GP3-B2
5
 28.77±0.03de 5.22±0.07ab 9.60±0.08fg 401.49±12.04ab 3.50±0.13 248.93±42.67ab 2.55±0.20 
GP3-B3
5
 32.33±0.80e 5.19±0.05ab 7.48±0.02cde 394.44±11.66ab 3.60±0.13 249.60±0.37ab 2.28±0.02 
SDDGS 27.14±0.13d 6.38±.14abc 11.94±0.05i 538.72±51.45abc 3.03±0.03 409.00±78.27bc 2.26±0.01 
1 
Proximate analysis, W/W% dry basis (Kjeldahl, AOAC official method)  
2
dgw = Geometric mean diameter 
3
Sgw = Geometric standard deviation 
4 
samples were manually forced through the sieves by hand 
Crude proteins were obtained from 
5
Kingsly et al. (2010) and 
6
Ileleji et al. (2010).     
Diets were flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): DDGS 
corn-base included plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground plant 3 
batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-B2), ground plant 3 batch 3 (GP3-B3), DDGS sorghum-base (SDDGS).  






Table 2.2 Tribolium castaneum egg, larval, and pupal developmental period, % egg 
eclosion, larval and pupal mortality (mean ± SE) on different diets with comparable 
published data. 
 

















F/Y 3.84±0.02 95.42±1.67 19.33±0.24 ab 9.52±3.04 abc 4.92±0.05 3.15±1.45 
GCORN 3.82±0.02 95.00±1.95 23.17±1.48 defg 16.64±3.43 abcd 4.85±0.03 4.97±2.04 
P1 3.85±0.01 93.92±2.27 37.48±0.65 i 33.9±6.34 de 4.82±0.05 1.82±0.97 
P2 3.84±0.01 95.83±1.57 46.96±1.69 jk 42.33±6.33 e 4.90±0.06 5.80±3.23 
P3-B1 3.84±0.01 94.17±1.14 44.62±0.66 j 19.42±3.30 bcd 4.87±0.07 3.09±1.36 
P3-B2 3.84±0.01 95.83±1.57 49.63±1.52 k 24.85±4.96 cde 4.98±0.08 3.02±1.46 
P3-B3 3.84±0.01 95.00±1.52 45.77±1.58 j 16.77±3.79 abcd 4.86±0.07 1.59±0.85 
GP3-B1 3.82±0.02 92.50±2.13 30.96±0.38 h 11.97±2.98 abc 4.84±0.06 2.48±1.57 
GP3-B2 3.83±0.01 97.08±0.83 32.19±0.6 h 12.62±2.89 abc 4.79±0.06 0.89±0.61 
GP3-B3 3.84±0.01 94.16±1.55 33.48±0.47 h 13.64±2.24 abc 4.81±0.04 1.05±0.73 
SDDGS 3.84±0.01 96.25±2.57 30.71±0.39 h 66.69±4.23 f 4.88±0.05 2.51±1.96 
Wheat1  2.9 75 21.5±0.28 16 4.6 2.5 
50% 
F/Y 3.86±0.01 93.06±1.05 15.62±0.33 a 5.14±1.26 a 4.88±0.07 3.80±1.09 
GCORN 3.84±0.01 93.75±1.61 20.09±0.20 bc 8.49±1.07 ab 4.78±0.06 2.76±1.11 
P1 3.82±0.01 94.60±1.71 23.31±0.32 cdefg 3.39±1.21 a 4.78±0.05 1.69±0.1 
P2 3.82±0.01 92.92±2.19 32.13±0.58 h  11.69±3.41 abc 4.85±0.04 2.56±1.03 
P3-B1 3.84±0.01 97.52±1.19 25.50±0.37 fg 8.84±2.00 abc 4.78±0.06 0.00±0.00 
P3-B2 3.82±0.01 95.48±1.13 26.79±0.39 g 12.06±2.52 abc 4.77±0.05 1.54±0.82 
P3-B3 3.84±0.01 97.12±1.19 31.27±0.61 h 20.50±5.15 abcd 4.71±0.07 0.00±0.00 
GP3-B1 3.83±0.01 96.72±1.02 21.69±0.29 bcde 14.09±2.23 abc 4.91±0.04 1.59±0.01 
GP3-B2 3.83±0.01 93.72±1.61 23.04±0.41 cdef 7.43±1.79 ab 4.82±0.04 0.44±0.00 
GP3-B3 3.84±0.01 94.58±1.35 24.81±0.29 efg 7.61±1.73 ab 4.87±0.04 1.31±0.01 
SDDGS 3.86±0.01 90.42±1.48 21.09±0.32 bcd 18.70±4.20 abcd 4.81±0.03 1.67±0.89 




 At 70% r.h. 






Table 2.3 Univariate results for days to Tribolium castaneum pupation and larval 
mortality while eggs were collected from adults that were obtained from A) lab colony 
(90% flour/10% yeast used as media), B) DDGS colony (P3-B1 used as media), and C) 
comparison of larval development while eggs were obtained from adults that were reared 
on lab and P3-B1 colony on different diets at 30% & 50% r.h.. 
    Time to pupation Larval Mortality 
    F df P F Df P 
A
1 
Intercept 38966.5637 (1, 308) <0.0001 11295.1585 (1, 308) <0.0001 
Diet 199.9531 (10, 308) <0.0001 15.2434 (10, 308) <0.0001 
r.h. 1521.5566 (1, 308) <0.0001 85.8661 (1, 308) <0.0001 
Diet*r.h. 34.5608 (10, 308) <0.0001 9.8986 (10, 308) <0.0001 
B
2 
Intercept 3711.4707 (1, 33) <0.0001 33.6292 (1, 33) <0.0001 
Diet 286.8983 (2, 33) <0.0001 8.8553 (2, 33) 0.0008 
r.h. 394.3430 (1, 33) <0.0001 9.3902 (1, 33) 0.0043 
Diet*r.h. 123.3917 (2, 33) <0.0001 8.9694 (2, 33) 0.0008 
C
2 
Intercept 11987.9557 (1, 69) <0.0001 90.0505 (1, 69) <0.0001 
Diet 694.2563 (2, 69) <0.0001 11.2173 (2, 69) 0.0001 
Rh 889.3258 (1, 69) <0.0001 10.6453 (1, 69) 0.0017 
Culture 34.4119 (1, 69) <0.0001 0.2930 (1, 69) 0.5901 
Diet*rh 216.2480 (2, 69) <0.0001 5.9134 (2, 69) 0.0043 
Diet*Culture 44.8434 (2, 69) <0.0001 5.4325 (2, 69) 0.0064 
rh*Culture 60.5246 (1, 69) <0.0001 4.1523 (1, 69) 0.0454 
Diet*rh*Culture 46.5538 (2, 69) <0.0001 8.6894 (2, 69) 0.0004 
1
Diets were flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried 
Distiller’s Grains with Solubles (DDGS): DDGS corn-base included plant 1 (P1), plant 2 
(P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground plant 
3 batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-B2), ground plant 3 batch 3 (GP3-B3), 
DDGS sorghum-base (SDDGS).  
2








Table 2.4 Results of factorial MANOVA, determining the effect of diet, r.h. (30% & 50% 
r.h.) and their interaction on Tribolium castaneum egg and pupal development, 
percentage of egg eclosion, and pupal mortality. 
Life stage Effect Wilks F Df P 
  Multivariate Tests of Significance  
Egg 
development 
& % of 
eclosion  
Intercept 0.00012 1283727 (2, 307) <0.0001 
Diet 0.95031 0.7925 (20, 614) 0.7243 
r.h. 0.99846 0.2372 (2, 307) 0.789 




Intercept 0.00096 159794 (2, 307) <0.0001 
Diet 0.91763 1.3000 (20, 614) 0.1417 
r.h. 0.98544 2.3000 (2, 307) 0.1053 

















Table 2.5 Tribolium castaneum days to pupation and larval mortality (mean ± SE) on 
different diets at 30% and 50% r.h., adults for laying eggs were obtained from two 
cultures: lab colony and P3-B1 colony. 
 
Means in the same column with the different subscript letter are different at 0.05 
probability level (Tukey’s HSD). 
Diets were flour/yeast (9:1) (F/Y) as control diet and Dried Distiller’s Grains with 




Culture  r.h. Diet Days to pupation % Larval mortality 
Lab colony  
30% 
F/Y 19.63±0.45 c 5.48±2.14 a 
P3-B1 44.54±0.71 g 13.65±3.43 a 
GP3-B1 30.63±0.57 f 16.87±4.71 a 
50% 
F/Y 14.84±0.45 ab 4.72±1.98 a 
P3-B1 25.75±0.38 e 13.39±2.87 a 
GP3-B1 20.95±0.43 cd 9.23±2.82 a 
P3-B1 colony  
30% 
F/Y 18.63±0.96 bc 5.67±1.83 a 
P3-B1 65.33±3.56 h 43.75±18.75 b 
GP3-B1 31.43±0.61 f 4.85±2.42 a 
50% 
F/Y 14.53±0.22 a 6.49±1.46 a 
P3-B1 24.72±1.21 de 5.48±2.14 a 







Table 2.6 Tribolium castaneum fecundity during a 3 wk period on test diets at 30% r.h.. Only Petri dishes in which adults 
finished the experimental period alive and laid eggs were considered in calculation. 
  
Diet  N Fecundity (X±S.E.) 
F/Y 27 200.07±7.71e 
GCORN 35 153.14±4.53d 
P3-B1 14 13.21±3.07a 
P3-B2 15 12.2±2.10a 
P3-B3 31 35.45±2.49b 
GP3-B1 20 34.75±3.50b 
GP3-B2 25 54.52±2.58c 
GP3-B3 32 49.19±2.42c 
F   241.9359 
df   (7, 191) 
P   <0.0001 
Mean fecundity with the different subscript letter are different at 0.05 probability level (Tukey’s HSD). 
Diets were flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): 
DDGS corn-base include plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), 











Table 2.7 Numbers of Tribolium castaneum adults collected on diets in small and 
medium size choice experiments and fecundityin a small size choice experiment. 
    Univariate results 
    Adults aggregation after 48h Fecundity
1
 
Rep. Small Scale Exp. T-test P T-test P 
6 F/Y vs. P3-B1  17.4527(10) <0.0001 9.6951 (10) <0.0001 
6 F/Y vs. P3-B1
2
  0.0232(22) 0.9817 3.5534(22) 0.0018 
6 F/Y vs. P3-B3  13.1380(10) <0.0001 4.1827(10) 0.0019 
6 F/Y vs. P1 15.2978(10) <0.0001 6.1411(10) 0.0001 
  Medium Scale Exp. Trap catch after 5d     
8 F/Y vs. P3-B1  6.7170(14) <0.0001     
8 F/Y vs. P3-B3  11.7798(14) <0.0001     
 
Diets included: flour/yeast (9:1) (F/Y) Dried Distiller’s Grains with Solubles (DDGS): 
DDGS corn-based include plant 1 (P1), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), 
and plant 3 batch 3 (P3-B3)  
1
Fecundity was defined as the number of eggs laid, less those eggs that did not hatch and 
those that did not survive the first two weeks of life 
2
Comparision of adults, which were obtained from different cultures (lab and P3-B1 

















Figure 2.1 Category of DDGS samples tested to determine their susceptibility to 
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Figure 2.3 Tribolium castaneum (A) larval development (mean ± SE (d)) and (B) larval mortality (mean ± SE (%)) on different 
types of DDGS compared with F/Y and GCORN at 30% & 50% r.h. Diets were flour/yeast (9:1) (F/Y) and ground corn 
(GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-base include plant 1 (P1), plant 2 (P2), 
plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground plant 3 batch 1 (GP3-B1), ground plant 3 batch 






                                              
Figure 2.4 Tribolium castaneum (A) days to pupation and (B) larval mortality, eggs were 
obtained from adults that were reared for 6 generations on P3-B1. Diets were flour/yeast (9:1) 
(F/Y) as control diet and Dried Distiller’s Grains with Solubles (DDGS): corn-based DDGS 











Figure 2.5 (A) Ave. number of Tribolium castaneum adults observed in test diets and (B) 
Ave. Tribolium castaneum fecundity on test diets in a small scale choice experiment. 
Fecundity was defined as the numbers of eggs laid, less those eggs that did not hatch and 











Figure 2.6 (A) Ave. numbers of Tribolium castaneum adults were observed in test diets in 
medium scale experiments and (B) Ave. numbers of Tribolium castaneum adults observed in 







CHAPTER 3. VULNERABILITY OF ANIMAL FEED CONTAINING DDGS TO 




Understanding the susceptibility of commercially available animal feeds which 
contain Dried Distiller’s Grains with Solubles (DDGS) to insect infestation is the first 
step in developing a pest management strategy for a stored product. This study is the first 
to look at the susceptibility of animal feed containing DDGS to infestation by Tribolium 
castaneum, one of the most important post-harvest pests world-wide. Three types of 
animal feed were obtained from two feed manufacturers in Indiana, USA including: 
poultry feed, containing 10% DDGS; juvenile frog feed, containing 5% DDGS; and adult 
frog feed, containing 5% DDGS. Laboratory manufactured feed with increasing levels of 
DDGS were simulated by mixing Flour/Yeast (F/Y), a typical T. castaneum laboratory 
diet, with 10, 20, 30, 40, and 80% DDGS (% based on weight). Susceptibility of 
commercially available animal feed to T. castaneum increased as the particle size of the 
feed decreased. Days to T. castaneum pupation on adult frog feed, juvenile frog feed, and 
poultry feed (29.75 ± 0.52, 26.02 ± 0.32, and 21.88 ± 0.27 d respectively) significantly 




significantly decreased when fed ground poultry feed (15.52 ± 0.19 d). Insect 
development was similar on F/Y and feeds that contained 10%, 20%, 30%, 40%, and 
80% DDGS at 32.5°C and r.h. of 50%. These results suggest that pelletizing animal feed 
is an effective way to protect them from insect infestation by secondary feeders such as T. 
castaneum, and adding 10-80% DDGS to the laboratory manufactured feed would not 
encourage or suppress diet susceptibility to T. castaneum infestation. 
 
3.2 Introduction 
Animal feed is a mixture of different raw materials that provide the required nutrients 
for the target animal (Thomas and Van der Poel, 1996). Distiller’s grains (DG), a co-
product of the grain-ethanol production process, were discarded as a waste prior to 
discovering their value as a feed ingredient (Olentine, 1986). Dried Distiller’s Grains 
with Solubles (DDGS), a type of DG, has been used in animal feed rations to replace 
corn, soybean meal, and fishmeal for the past eighty years (Scott, 1970). In recent years, 
DDGS production in the United States has increased as the numbers of dry-grind ethanol 
process plants has increased (Liu and Han, 2011). The establishment of new generation 
(modern) dry-grind ethanol process plants has resulted in the production of higher quality 
of DDGS, which raised the interest of the feed industry to increase the usage of DDGS in 
animal feed. In the United States, corn (maize) is used in the DDGS-ethanol production 
process while other countries rely on grains such as wheat, barley, rye, and sorghum or 
even mixtures of these grains. Availability and cost of the grain plays an important role in 
the selection of the grain which will be used in the ethanol-production process (Shurson 
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et al., 2004). Depending on the animal species and their stages of growth, up to 50% 
DDGS can be added to the animal feed (Stein and Shurson, 2009). 
There have been extensive studies and reviews on DDGS as a type of animal feed 
ingredient. DDGS nutrition digestibility, the extent of its usage in animal feed, growth 
performance of animals, and quality of animal by-products when  DDGS-based feed 
products are just a few examples of research focused in this area (Ham et al., 1994; 
Shurson et al., 2004; Lumpkins et al., 2004; Nyachoti et al., 2005; Whitney et al., 2006; 
Kleinschmit et al., 2006; Wang et al., 2007; Adeola and Ileleji, 2009; Stein and Shurson, 
2009; Welker et al., 2014). However, there are no published studies that have 
investigated animal feed containing DDGS to insect infestation. While some studies 
emphasized the extent of stored-product insect infestation inside feed mills, susceptibility 
of animal feed containing DDGS to infestation by stored-product insect pests has been 
ignored. Lack of attention and investigation in this area opens up opportunities for future 
studies.  
Insect pests of stored products are commonly found in feed mills (Rilett and Weigel, 
1956; Triplehorn, 1965; Loschiavo and Okumura, 1979; Pellitteri and Boush, 1983; 
Larson et al., 2008a). Although, food manufacturing facilities are infested with different 
insect species, a greater variety of insects have been found in feed mills possibly due to 
lower sanitation (Loschiavo and Okumura, 1979). The variety of products in the feed 
manufacturing facilities can affect the insect species which might infest that facility 
(Mills and White, 1994; Larson et al., 2008a). Tribolium castaneum (Herbst) (common 
name: Red flour beetle) is one of the most important insect pests of stored-products 
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(Mahroof et al., 2003) as well as one of the most abundant species found in monitoring 
traps in food and feed processing facilities (Trematerra and Sciarretta, 2004; Trematerra 
et al., 2007; Larson et al., 2008a). Thus, T. castaneum is one of the best models to 
determine the susceptibility of storage commodities to infestation by insect pests of 
stored-products (Fraenkel and Blewett, 1943).  
Insect-pests of stored products are capable of transmitting pathogenic bacteria from 
contaminated to uncontaminated feed (Harein and Casas, 1968; Husted et al., 1969; 
Larson et al., 2008b; Channaiah et al., 2010), increasing the importance of an effective 
pest management program in animal feed production facilities. Researchers have shown 
that Enterococci faecalis was isolated from T. castaneum (Larson et al., 2008b) and can 
be transmitted to uncontaminated poultry and cattle feed by this insect (Channaiah et al., 
2010). Using insect-infested feed may negatively affect animal growth. Decreases in feed 
intake and weight gain by rats were observed when fed insect-infested wheat (Samuels 
and Modgil, 1999). In addition, T. castaneum adults also produce a mixture of harmful 
quinines (El-Mofty et al,. 1992; Yezerski et al., 2007; Lis et al., 2011). El-Mofty et al. 
(1992) studied Swiss albino mice on three feeding treatments including flour infested 
with T. castaneum, biscuits made of infested flour, and flour supplemented with 1, 4-
benzoquinone. They discovered that quinine chemicals produced by T. castaneum might 
be the cause of the increased cancer incidence they observed in mice. However, direct or 




Therefore, information regarding feed susceptibility to insect infestation provides 
valuable insights for feed safety programs. Thus, the main objective of this study was to 
examine the insect-vulnerability of animal feed containing DDGS as one of the 
ingredients by comparing differences in T. castaneum larval development and mortality 
when fed different feeds. Results from this study will help us to understand and predict T. 
castaneum infestation in animal feed that contains DDGS. 
 
3.3 Materials and Methods 
3.3.1 Insects Preparation 
Tribolium castaneum colonies were maintained in series I-36 environmentally-
controlled chambers at 27°C (±1) in the Department of Entomology at Purdue University, 
West Lafayette, IN, USA. A diet of wheat flour (90%) and brewer’s yeast (10%) (F/Y) was 
used for rearing the colony. Tribolium castaneum eggs were obtained by placing 300 ± 10 
adults in a jar (400 ml) filled with a thin layer of F/Y for 24 h at 32.5 ± 1.0°C in the 
environmentally-controlled chamber. One-d old eggs were separated from the F/Y using a 
No. 80 US sieve (Seedburo Equipment Company (Des Plaines, IL, USA)/0.180 mm hole 
size). 
 
3.3.2 Feed Preparation 
There were two steps to feed preparation. First, three types of commercially available 
animal feed were obtained from two feed production manufacturers in Indiana, USA. The 
animal feed included poultry feed, containing 10% DDGS; pelletized juvenile frog feed, 
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containing 5% DDGS; pelletized adult frog feed, containing 5% DDGS. In previous 
studies (Fardisi et al., 2013; Fardisi Chapter 2), particle size was an important factor in 
DDGS susceptibility to T. castaneum infestation, therefore, poultry feed was ground with 
a Thomas Wiley® Mill (Arthur H. Thomas Co. Philadelphia, PA USA). In the second 
step, five laboratory manufactured feed were made by mixing 10, 20, 30, 40, and 80% 
DDGS with F/Y. The main goal from these two steps were 1) evaluating the 
susceptibility of commercially available animal feed to T. castaneum infestation and 2) 
determining the changes in the susceptibility of a feed containing various levels of DDGS 
to T. castaneum infestation by decreasing the proportion of F/Y mixed in the laboratory 
manufactured feed.  
Except for the nutritional label for the animal feed, no further information was 
available on the nutritive value of DDGS which were used in these 3 products. 
Nutritional values of F/Y, poultry, and frog feed are summarized in Table 3.1. Except for 
the crude fiber, the levels of nutrients were superior in commercial animal feed compared 
with lab manufactured feed (Table 3.1). The DDGS sample used in this study was called 
P3-B3 (Fardisi Thesis, Chapter 2). P3-B3 refers to plant 3-batch 3. This DDGS sample was 
corn-based and was produced by The Andersons Clymers Ethanol LLC, Clymers, 
Indiana, USA. In-depth details of production process for this sample can be found in 
Kingsly et al. (2010). Since all raw DDGS samples tested in Chapter 2 showed similar 
susceptibility to T. castaneum infestation, the DDGS sample with the highest crude 
protein was used in this experiment. The normal laboratory diet (F/Y) was used as the 
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control diet for comparison with commercially available animal feed and laboratory 
manufactured feed.  
 
3.3.3 Measurements of Feed Physical Characteristics 
Livestock feed particle size distribution is summarized in Table 3.2. Particle size 
distribution was measured by shaking for 5 min and pouring 100 g of feed through a 
series of US sieves No. 5 (with opening size of 4.00-mm), No. 6 (with opening size of 3.3 
mm), No. 14 (with opening size of 1.4-mm), No. 18 (with opening size of 1.0-mm), and 
No. 25 (with opening size of 0.7-mm). Ninety five and ninety four percent of adult frog 
feed and juvenile frog feed did not pass through US sieve No. 5 and 6, respectively. 
Seventy two percent of the poultry feed did not pass through US sieve No. 14 while 
100% of the ground poultry feed and F/Y passed through all the sieves. Adult frog feed 
had the largest particle size followed by juvenile frog feed, poultry feed, and ground 
poultry feed.  
 
3.3.4 Tribolium castaneum Development 
Details of the procedure to determine T. castaneum growth can be found in Fardisi 
et al (2013). Larval development (d) was used to compare the susceptibility of 
commercial animal feed and the laboratory manufactured feed to T. castaneum 
infestation. Tribolium castaneum eggs were placed in 16-well plates, 1 egg per cell, 
filled with 0.125 ml of a feed so that the eggs were in contact with the feed and could 
be easily seen to determine the egg incubation period. Previous research indicated that 
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eggs hatched an average of 4 d at 32.5°C regardless of experimental diet (Fardisi et al., 
2013; Fardisi, Chapter 2). Thus, after 3 d, cells were checked every 6 h until larval 
emergence. Once larvae emerged, cells were half filled (~1 ml) with the same feed. 
Well plates were again checked daily, when it was determined that the larvae were in 
the last instar and examination continued daily until pupation. The average number of 
days from 1-d-old larval to pupation was recorded for each plate as well as larval 
mortality. Fifteen replications were completed for each feed at a temperature of 32.5°C 
and 50% r.h. in an environmentally-controlled chamber.  
 
3.4 Data Analysis 
Statistical analysis was conducted using Statistica 12 (StatSoft, Inc., 2013). A 
completely randomized design was used to study the effect of experimental feed on T. 
castanium development. For developmental comparison, each 16 well plate was recorded 
as one replication. Dependent variables, the average number of days to pupation and 
larval mortality, were determined per replication. Multivariate Analysis of Variance 
(MANOVA) was used to determine the effect of experimental feed on the average 
number of days to T. castaneum pupation and larval mortality while Tukey's Honestly 
Significant Difference (Tukey's HSD) test was used to show differences among 




3.5 Results and Discussion 
There was significant effect of feed on T. castaneum days to pupation and larval 
mortality (One-way MANOVA: Wilks’λ = 0.03, F(18, 278) = 68.87, P < 0.0001). Given the 
significance of the overall test, the univariate effects of feed were examined for both 
dependent factors (days to T. castaneum pupation and larval mortality). Results showed 
that feed had significant effects on days to T. castaneum pupation and larval mortality 
(Table 3.3). Days to T. castaneum pupation significantly increased on the poultry feed, 
juvenile frog feed, adult frog feed compared with other feeds (Table 3.4). Number of 
days to pupation increased as the particle size of the feed increased. Larval development 
was 1.4, 1.6, and 1.8 times longer on poultry feed, juvenile frog feed, and adult frog feed 
than F/Y, respectively. Tribolium castaneum development on ground poultry feed was at 
rates comparable to laboratory diet (F/Y) (Table 3.4). These results highlight the 
importance of particle size on T. castaneum’s ability to feed on stored products.  
Larval mortality significantly increased on poultry feed compared with other diets 
(Table 3.4). Larval mortality was lower than 8% when insects fed on F/Y, lab 
manufactured feed, juvenile frog feed, adult frog feed, and ground poultry feed. 
Comparatively, it was an average of 16.44% on poultry feed. Number of days to T. 
castaneum pupation and larval mortality decreased on ground poultry feed. Therefore, 
decreasing particle size resulted in an increase in poultry feed susceptibility to T. 
castaneum infestation. Same results were obtained in other studies. Particle size 
negatively affects T. castaneum development. Larval development and mortality 
decreased when fed flour compared with undamaged grain (Meagher et al., 1982; Li and 
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Arbogast, 1991; Lale and Yusuf, 2001; Lale and Modu, 2003). Tribolium castaneum 
development was investigated when fed corn flour, damaged corn, and undamaged corn. 
Tribolium castaneum larval growth was more rapid on flour and damaged corn compared 
with undamaged corn (average of 24-26 d vs. average of 59 d respectively) at 30°C and 
r.h. of 75%. Thus, larvae grow faster as corn particle size decreases (Li and Arbogast, 
1991).  
When fed laboratory manufactured feed, it took an average of 15-17 d for T. 
castaneum larvae to pupate regardless of proportion of DDGS in the F/Y. Larval 
development on lab manufactured feed significantly decreased compared with 
commercially available livestock feed. This is because F/Y used in the lab manufactured 
feed mix had smaller particle size compared with poultry and frog feeds. Selective 
feeding by flour beetles (Waldbauer and Bhattacharya, 1973) on F/Y particles in the lab 
manufactured feeds may result in the lack of significance since F/Y had smaller particle 
sizes than DDGS in the lab manufactured feed mixture (Chapter 2, Table 2.1). Waldbauer 
and Bhattacharya (1973) studied T. confusum (Duval), a closely related species to T. 
castaneum, selective feeding on a mixture of wheat bran, endosperm, and germ (1:1:1). 
They found that 81.4% of T. confusum larval consumption was germ, followed by 17.1% 
endosperm and 1.5% bran (Waldbauer and Bhattacharya, 1973). Thus, adding DDGS up 





Ground feed with particle size smaller than 0.7 mm was the most susceptible and 
pelletized livestock feed with particle size larger than 4 mm was the least susceptible to 
T. castaneum infestation. Therefore, pelletization of livestock feed was the reason for 
poor development of T. castanuem. Beyond decreasing vulnerability of feed to insect 
infestation, pelletizing animal feed decrease feed wastage, reduce selective feeding, and 
feed ingredient segregation (Behnke, 1994; Behnke, 1996), leading to increased animal 
feed intake and weight gain (Engberg et al., 2002). In conclusion, pelletizing animal feed 
containing DDGS seems an effective strategy for safe feed storage. It decreases feed 
wastage caused by insect pests of secondary feeders while maximizing the efficacy of 
animal feed intake. It is also important to note that pelletizing animal feed that contains 
DDGS may increase their susceptibility to internal feeding insects such as Sitophilus 
zeamais (Motschulsky) (maize weevil) and S. oryzae (L.) (rice weevil) which warrants 
further investigations. 
Pellet durability is also another important consideration and is defined as the amount 
of fines produced in a batch of feed pellets under certain conditions such as transportation 
and distribution to the target animal (Thomas and Van der Poel, 1996). Pellets with lower 
durability, and thus higher fine production, may increase T. castanuem access to food and 
provide suitable conditions for insect growth on fine particles as several studies showed 
that damaged grain supports secondary feeder’s development (White, 1982; Li and 
Arbogast, 1991; Lale and Yusuf, 2001; Lale and Modu, 2003).  
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The results of this study highlighs the importance of sanitation as part of Integrated 
Pest Management (IPM). Insects that inhabit processing or storage facilities, can be found 
into two distinct areas. The first area includes the insects infesting and feeding inside the 
commodity and the second lives in food residue on the facility floors and within dead 
spaces in equipment (Hagstrum and Flinn, 2014). Therefore, removing the food residue, 
which are mostly fines, and spills may reduce the insect’s access to food and reduce 
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Crude Protein (min.) 13.92 16.00 44.00 43.00 
Lysine (min.) 0.41 0.60 N/A N/A 
Methionine (min.) 0.21 0.30 N/A N/A 
Crude Fat (min.) 0.47 2.00 6.00 6.00 
Crude Fiber (max.) 20.08 9.00 2.00 2.00 
 
Diets tested were flour/yeast (9:1) (F/Y), juvenile and adult frog feed (containing 5% 
DDGS), poultry feed, and ground poultry feed (containing 10% DDGS) 
1 
Proximate analysis, W/W% dry basis (Kjeldahl, AOAC official method)  
2





















Table 3.2 Livestock feed particle size expressed by US sieve number 
 
US sieve number 5 6 14 18 25 bottom  
Sieve openings (mm) 4 3.3 1.4 1 0.7   
Diet Feed retained (g) on each sieve  
Adult frog feed  95 4 1 0 0 0 
Juvenile frog feed  0 94 6 0 0 0 
Poultry feed  4 16 72 4 2 2 
Ground poultry feed  0 0 0 0 0 100 
F/Y
1 
0 0 0 0 0 100 
1 





















Table 3.3 Univariate results for days to Tribolium castaneum pupation and larval 
mortality on different feed. 
  Days to pupation  Larval Mortality 
  F df P  F df P 
Intercept 47193.04 (1, 140) <0.0001  134.05 (1, 140) <0.0001 
Diet 344.34 (9, 140) <0.0001  5.42 (9, 140) <0.0001 
 
Diets tested were flour/yeast (9:1) (F/Y), lab manufactured feed made of F/Y mixed with 
10, 20, 30, 40, 80% DDGS (F/Y+10%DDGS, F/Y+20%DDGS, F/Y+30%DDGS, 
F/Y+40%DDGS, F/Y+80%DDGS), juvenile and adult frog feed (containing 5% DDGS), 















Table 3.4 Tribolium castaneum days to pupation and larval mortality (mean ± SE) on 
different feed at 50% r.h.. 
Diet Days to pupation % Mortality 
F/Y  16.14 ± 0.25ab 4.50 ± 0.86a 
F/Y+10%DDGS 15.89 ± 0.23ab 4.65 ± 1.80a 
F/Y+20%DDGS 15.89 ± 0.26ab 3.98 ± 1.00 a 
F/Y+30%DDGS 15.88 ± 0.14ab 4.23 ± 2.00 a 
F/Y+40%DDGS 16.00 ± 0.19ab 5.40 ± 2.00 a 
F/Y+80%DDGS 16.94 ± 0.26b 3.22 ± 1.00 a 
Juvenile frog feed 26.02 ± 0.32c 6.60 ± 2.00 a 
Adult frog feed 29.75 ± 0.52d 7.79 ± 1.00 a 
Poultry feed 21.88 ± 0.27e 16.44 ± 2.00b 
Ground poultry feed  15.52 ± 0.19a 4.15 ± 2.00 a 
 
Diets tested were flour/yeast (9:1) (F/Y), lab manufactured feeds made of F/Y mixed with 
10, 20, 30, 40, 80% DDGS (F/Y+10% DDGS, F/Y+20% DDGS, F/Y+30% DDGS, 
F/Y+40% DDGS, F/Y+80% DDGS), juvenile and adult frog feed (containing 5% 
DDGS), poultry feed, and ground poultry feed (containing 10% DDGS) 
Means in the same column with the different subscript letter were significantly different 
























CHAPTER 4. EFFECT OF CHEMICAL AND PHYSICAL PROPERTIES OF DRIED 





Dried Distillers Grains with Solubles (DDGS), a co-product of the grain-ethanol 
industry, is used as a protein supplement in animal feed to replace corn, soybean, or 
fishmeal. Results of previous research have shown that DDGS susceptibility to Tribolium 
castaneum (Herbst) infestation is lower if stored as a raw ingredient at environmental 
humidity of 30%. Therefore, factors such as physical and chemical characteristics of 
DDGS that may affect DDGS susceptibility to T. castaneum infestation were 
investigated. Tribolium castaneum larval developmental time and weight gain were 
determined when fed DDGS with different qualities. Larval weight significantly 
increased in a shorter period of time when fed control diets compared with DDGS. 
Grinding the DDGS samples positively affected larval weight as they gained weight 
faster on ground samples. Multiple regression-based models were built to determine if the 
diet’s chemical and physical characteristics affect T. castaneum development. Based on 
the regression models, particle size of the diet was the main factor affecting the larval 
development. Therefore, experiments were conducted by manipulating 90% flour/10% 
brewer’s yeast (F/Y) and DDGS particle size by pelletizing the F/Y using a rotary drum
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granulation apparatus and grinding the DDGS diets. Granulation negatively affected 
larval development. Tribolium castaneum days to pupation significantly increased when 
fed F/Y granules with a particle size of 1.4 mm or larger. Tribolium castaneum 
development improved on ground DDGS compared with raw DDGS but remained 
significantly different from F/Y. Therefore, particle size of the diet is one of the main 
factors affecting T. castaneum development. Thus, storing DDGS as raw ingredient and 
in the granule or pellet form with large particle size is recommended. However, 
granulation or pelletization may not be economically justified for small manufacturing 
plants. The results of this study may have significant value for agribusiness in terms of 
increasing feed safety by decreasing the risk of insect contamination by secondary 
feeders such as T. castaneum. 
 
4.2 Introduction 
Insect infestation in stored-products may negatively affect quality and quantity of the 
products besides the sanitary hazards (Ayadi et al., 2009). DDGS as a nutritious 
ingredient has been used in animal feed for decades (Shurson et al., 2003; Lim and 
Yildiriim-Aksoy, 2008; Stein and Shurson, 2009). Besides interior demands, the DDGS 
international market has been extremely expanded in the past few years (U.S. Grains 
Council, 2014). Recently, there was an insect contamination in the DDGS shipment from 
the United States (U.S. Grains Council, 2013). These incidents may negatively affect 
DDGS market demand. As a result, it is of interest to determine the factors that may 
affect DDGS vulnerability to insect infestation. DDGS susceptibility to Tribolium 
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castaneum (Herbst) was originally investigated by Fardisi et al. (2013). They found that 
DDGS has low susceptibility to T. castaneum infestation when stored as a raw ingredient 
at low relative humidity (r.h.) of 30%. Tribolium castaneum developmental time 
increased when they fed on DDGS compared with their normal laboratory diet (Fardisi et 
al., 2013; Fardisi Thesis, Chapter 2). Elongated developmental time might be the result of 
differences in either or both of the chemical or physical properties between DDGS and 
control diets.  
DDGS products that were produced from different manufacturing plants vary in their 
chemical and physical characteristics. Color, odor, nutrient composition and their 
digestibility, particle size, and bulk density are just a few examples of characteristics that 
differ among DDGS samples manufactured in different fuel ethanol plants (Cromwell et 
al., 1993; Shurson et al., 2003; Kingsly et al., 2010). Variation in quality of DDGS may 
depend on the type of grain and production process (Lim and Yildiriim-Aksoy, 2008; 
Kingsly et al., 2010). For example, wheat-based DDGS contains higher amounts of crude 
protein and amino acids (AA) but is low in crude fat compared with corn-based or 
sorghum-based DDGS (Lim and Yildiriim-Aksoy, 2008). Inconsistency in DDGS 
particle size is also an important factor which can result in particle segregation during 
transportation (Kingsly et al., 2010) which potentially affects chemical composition 
(Ileleji et al. 2007; Clementson et al. 2009; Clementson and Ileleji, 2012). 
The objective of this study was to determine the factors, either or both chemical or 
physical characteristics in DDGS, which affect the vulnerability of DDGS to T. 
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castaneum infestation. Nutritional composition and physical characteristics of DDGS and 
control diets with regards to their effects on T. castaneum development were investigated.  
 
4.3 Materials and Methods 
4.3.1 Insects and Diets 
Tribolium castaneum were obtained from a colony available in the Department of 
Entomology at Purdue University, West Lafayette, IN, USA. A mixture of 90% 
flour/10% brewer’s yeast (F/Y) was used for rearing insects. Six samples of DDGS were 
tested in this study including: five samples made of corn (CDDGS) and one sample made 
of sorghum (SDDGS) (Fig 4.1; Appendix). Normal laboratory diet (F/Y) for T. 
castaneum and ground corn (GCORN) were also used as control diets for comparison 
with DDGS samples. GCORN was chosen as a second control diet, since most of DDGS 
samples were corn-based. Diets were kept refrigerated for longer preservation and DDGS 
diets were thoroughly re-blended by spoon before using to mix segregated particles. 
DDGS samples included: 
1. CDDGS sample #1 was labled as Plant 1 (P1) and it was obtained from an “old” 
generation dry-grind fuel ethanol process plant. An “old” generation is defined as a 
plant, constructed in the early 1980s compared with “new” generation dry-grind fuel 
ethanol process plant, built after 1990 (Ileleji et al., 2007). This sample was prepared 
and dried in New Energy Corporation in South Bend, IN, USA. 
2. CDDGS samples #2-5 were obtained from two “new” generation dry-grind fuel 
ethanol process plants. Sample #2 was obtained from Iroquois Bio-Ethanol Company, 
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LLC Rensselaer, IN, USA and it was labeled as Plant 2 (P2). The rest of samples from 
#3 to #5 were labeled as Plant 3 (P3) and were originally produced in The Andersons 
Clymers Ethanol LLC, Clymers, Indiana, USA. Plant 3 samples were produced by 
mixing different concentrations of condensed distiller’s solubles (CDS) with 
distiller’s wet grain (DWG) according to Kingsly et al. (2010) as summarized below: 
1. 212 l/min CDS (7.4% of total inflow by volume) (Batch 1) (P3-B1) 
2. 98.4 l/min CDS (3.7% of total inflow by volume) (Batch 2) (P3-B2) 
3. 0 l/min CDS (0% of total inflow) (Batch 3) (P3-B3)  
4. SDDGS was made of pure sorghum in Texas, Arizona USA (Fig 4.1).  
P3 production process was described in details by Kingsly et al. (2010) and was 
conducted at The Andersons Fuel Ethanol Plant in Clymers, Indiana, USA. DDGS diets 
contained bigger and inconsistence particle sizes compared with F/Y diet, which had fine 
particle size. Therefore, ground samples of the P3-B1, P3-B2, and P3-B3 (GP3-B1, GP3-B2, 
and GP3-B3) were also produced using an Udy Cyclone Mill (UDY Co., Fort Collins, 
CO). Chemical and physical composition of control and DDGS diets were determined to 
predict their influence on T. castaneum development. 
 
4.3.2 Chemical Composition Analysis 
Diets chemical compositions were analyzed by sending 40 g of each sample to the 
University of Missouri Agricultural Experiment Station Chemical Laboratories (ESCL). 
Chemical properties which were analyzed by using Association of Official Analytical 
Chemists (AOAC) methods included complete amino acid profile (AA analysis), crude 
protein, crude fat, moisture content, ash, and crude fiber (Proximate analysis (Kjeldahl)).  
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4.3.3 Measurements of Physical Characteristics 
Particle size and equilibrium moisture content (EMC) were determined for each 
sample. The particle size was measured by using 2 methods. First, American Society of 
Agricultural and Biological Engineers (ASABE) Standard (S) 319.4 procedure was used. 
In this method 100 g of diet was poured through US sieves (US sieve No. 4 (with opening 
size of 4.75-mm) to US sieve No. 270 (with opening size of 0.053-mm)). The set of 
sieves was then vibrated in a Ro-Tap shaker (RX-29, Tyler Inc., Mentor, OH, USA) for 
10 min (ASABE, 2008). The weight of each sieve was recorded and then sieves were 
shaken again for one more min in the Ro-Tap shaker. If the weight changes in the 
smallest sieve containing food material were equal or less than 0.1% of the material 
during a 1 min shaking, the process was considered complete. Following the ASABE S 
319.4 procedure, particle sizes were calculated for each feed diet. Due to very small 
particles in some of the samples, the sieve’s openings were clogged. Therefore, results 
based on the standard method were overestimated. Thus, an additional procedure was 
used, in which samples were hand-forced through the sieves by hand-rubbing action after 
10 min of shaking. The geometric mean diameter (dgw), an international standard method 
for measuring particle size expression was calculated.  
Equilibrium moisture content of the samples, after they were preconditioned for 2 wk 
at 30% r.h. in environmentally-controlled chambers, was determined by oven drying for 3 
h at 105°C. Each sample (2 g) was dried in aluminum dish in oven. Samples were 
weighed before and after drying and subtracted from dish weight. Moisture content of 
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samples was measured by subtracting the percentage of the dry matter from one hundred 
(Shreve et al., 2006) (Table 4.1, Fardisi, Chapter 2). 
 
4.3.4 Tribolium castaneum Larval Development 
The method to determine the average number of days to pupation was explained by 
Fardisi et al. (2013). To prepare eggs, T. castaneum adults (300 ± 10) were placed on a 
thin layer of fresh F/Y in a Mason jar (400 mL) and kept in the environmentally-
controlled chamber at 32.5°C   1.0°C. Adults were removed after 1 d and eggs were 
sieved out (sieve No. 80 sieve /0.180-mm hole size, Seedburo Equipment Company, Des 
Plaines, IL, USA) (Fardisi et al, 2013). Eggs were placed in the cells filled with 0.125 ml 
of the diet in a 16-well plates (1 egg in each cell). After egg eclosion was determined, 
cells were half filled (~1 ml) with the same diet, and maintained for the duration of the 
larval development. When the larvae were fully grown, plates were checked daily until 
larval pupation. (Fardisi et al, 2013). Then, the average number of days to T. castaneum 
pupation and larval mortality when larvae fed on each diet was recorded per replication.  
 
4.3.5 Chemical and Physical Combinations of Feed Diets  
Because starch from corn is converted into ethanol and the leftover unfermented 
components of corn constitutes DDGS, to control for its potential influence, corn starch 
(10, 20, and 30% of the weight) (Kroger Co., Cincinnati, OH, USA) was added to the 
ground DDGS diet. Similarly, the normal laboratory diet contains 10% brewer’s yeast 
therefore, to control for its potential influence, brewer’s yeast (2 and 10% of the weight) 
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was added to the ground DDGS. GP3-B3 was chosen for this experiment and T. 
castaneum larval development was determined when fed GP3-B3 supplemented with 
starch and yeast. There was no significant difference in larval development and mortality 
when the DDGS diet was mixed with 10, 20, and 30% starch (6 replications) (One-way 
MANOVA: Wilks’λ = 0.5529, F(4,28) = 2.41, P = 0.0725). Therefore, 10% starch/90% 
DDGS treatment was chosen. Results of larval development when given a diet of starch 
and brewer’s yeast-supplemented DDGS were compared with the results of larval 
development on F/Y and raw brewer’s yeast. 
Fardisi et al. (2013) concluded that particle size might have an effect on T. castaneum 
development. They observed that larvae grow faster on DDGS diets with smaller particle 
sizes (Fardisi et al., 2013). To test this hypothesis, the increase in larval weight when 
insects fed on raw and ground DDGS was compared with control diets. Additionally, 
days to pupation and larval mortality on pelletized F/Y and ground DDGS were 
compared with control diet to examine the effect of particle size. 
 
4.3.6 Tribolium castaneum Larval Weight Gain 
Tribolium castaneum eggs were obtained by following the same method that was 
explained in section 4.3.4, Tribolium castaneum larval development. A total of 1200 1-d-
old eggs were divided into 8 cups (163 ml) (Solo® Cup Company, Urbana, IL, USA) 
(150 eggs per cup) filled with 20 g of one of the feed diets including F/Y, GCORN, raw 
and ground samples of P3-B1, P3-B2, and P3-B3. Three small holes were made in the lid by 
using a pin for air penetration. After 10 d, larvae were separated from each diet by using 
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sieves (sieve No. 80 /0.180-mm hole size (Seedburo Equipment Company, Des Plaines, 
IL, USA)). Average larval weight was calculated for each cup by dividing the total larval 
weight by the total number of larvae retained in each cup. After the weighing, larvae 
were return to the cup from which they were pulled. This process was repeated every 2 d 
for 20 d and then weighing was continued every 4 d until the first pupa was observed for 
all diets. Three replications were completed for each diet at two r.h. of 30 and 50%. 
 
4.3.7 F/Y Granulation Process 
Granulation is a process of agglomerating fine particles into larger granules by 
particle impact and adhesion aided using a liquid binder such as water. Because it is an 
agglomeration process, it is synonymous to pelletization common in the feed industry, 
which uses a die press to densify fine feed into a pellet. The end products of both 
processes are referred in the literature as either pellets or granules. The F/Y granulation 
method was derived from the method that was described by Probst and Ileleji (2009) for 
granulating DWG during rotary drum granulation and drying. Bench-scale F/Y wet 
granulation process was conducted in Dr. Klein Ileleji’s lab in Lilly Hall of Life Sciences 
at Purdue University West Lafayette, Indiana, USA. Deionized (DI) water was used as a 
binder. Two tablespoons of F/Y (~20 g) mixture were poured in the bench-scale rotary 
drum granulation (agglomerator) apparatus. Then, the DI water was sprayed twice into 
the rotary drum containing the F/Y while the drum was rotating at slow drum speed of 39 
RPM on a bench-top tumbling system (C&M Topline, Goleta, CA, USA). The rotary 
drum was connected via tubing to a dryer that consisted a hot air bench top blower (115 
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VAC, 60 Hz heat gun, Clements National Co., Chicago, IL), which can be adjusted for 
temperature and airflow with a dial on the blower intake air port. To prevent a fire 
hazard, the dryer only ran for 1 min to dry the pelletized F/Y and to prevent granule 
growth from occurring above the desired particle size. Then, the F/Y pellets were spread 
(one layer thick) on an aluminum tray and oven dried for 30 min at a temperature of 60 ± 
5°C. This process was repeated 10 times in order to produce enough F/Y granules for 
conducting the experiment. 
After completing the granulation process, F/Y granules were sorted into 4 groups by 
sieving. A charge of granular sample was poured into a set of US. sieve (Seedburo 
Equipment Company, Des Plaines, IL, USA) no. 6 (3.350-mm hole size), 14 (1.400-mm 
hole size), 18 (0.001-mm hole size), and 25 (0.710-mm hole size). Then, the set of sieve 
was hand shaken for 5 min. Group I contained the particles, which passed through US. 
sieve no. 6 but did not pass through US. sieve no. 14. Group II particles stayed on US. 
sieve no. 18 and passed through US. sieve no. 14. Group III particles stayed on the US. 
sieve no. 25 but passed through US. sieve no. 18. Finally, group IV contained the 
particles, which passed through the US. sieve no. 25 (Probst and Ileleji, 2009; Ileleji and 
Probst, 2012). Range of particle sizes of group I to IV are summarized in Table 4.2. 
Group I has the largest particles and group IV has the smallest. Since F/Y pellets were 
oven dried, un-pelletized F/Y was also oven dried for 30 min at a temperature of 60 ± 
5°C to control for any potential diet heating factors on larval development. F/Y, the 
normal laboratory diet, was used as the control diet. P3-B1 was used to compare to F/Y 
granules and its particles were separated by grouping using the same set of sieves (US. 
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sieves no. 6, 14, 18, and 25) as was used for the F/Y granules. For each group of F/Y 
granules, one group of P3-B1 with the same range of particle size was prepared. The time 
required for larval development on F/Y granules (group I, II, III, and IV), P3-B1 (group I, 
II, III, and IV), heated F/Y, and normal laboratory diet were used to determine the effect 
of particle size on T. castaneum growth. Due to limitations in diet availability, 5 
replications were conducted at r.h. of 50% and only 8 cells of 16-well plates were 
randomly filled with diets for each replication. 
 
4.3.8 DDGS Grinding Process 
DDGS samples were ground with two grinders. First, DDGS samples P3-B1, P3-B2, 
and P3-B3 were ground with a hammer mill (Glen Mills Inc., 220 Delawanna Ave. 
Clifton, NJ ) (GP3-B1, GP3-B2, and GP3-B3). Second, to obtain the finest powder, a 
Cyclone Sample mill (UDY Corporation, 201 Rome Court, Fort Collins, CO) was used 
for two of the samples: G1P3-B1 and G1P3-B3 (Table 4.1). These two samples were chosen 
based on availability. G1P3-B3 contains the highest crude protein while G1P3-B1 has the 
lowest crude protein among the samples obtained from “new” generation dry-grind fuel 
ethanol process plants. Then, T. castaneum larval developmental time was determined for 
each test diet and compared with F/Y. Experimental set up for larval development was 
used following the same procedure that was explained in section 4.3.4, Tribolium 





4.4 Data Analysis 
Statistical analysis was conducted using Statistica 12 (StatSoft, Inc., 2013). 
Completely randomized design was used to study the effect of experimental diets on T. 
castanium development. For developmental comparison, each well plate was recorded as 
one replication. The average number of days to T. castaneum pupation and larval 
mortality were recorded for each replication. Multivariate Analysis of Variance 
(MANOVA) was used for comparing the average number of days to T. castaneum 
pupation and larval mortality on different diets while Tukey's Honestly Significant 
Difference (Tukey's HSD) test was used to show differences among treatment means. 
Standard errors (SE) of means were reported. 
A repeated measure of ANOVA was used to analyze T. castaneum larval weight gain 
when fed on different diets at two r.h. of 30 and 50%. The experimental diet and r.h. were 
included as independent factors while weight (g) when larvae were 10, 12, 14, 16, and 18 
d-old were dependent variables. Mauchly test of sphericity and univariate Greenhouse-
Geisser (G-G) adjustment tests were reported. Tukey's HSD test was used to show 
differences among treatment means.  
Analysis of Multiple Regression: To determine the predictors among physical and 
chemical properties of the experimental feed diets that influence T. castaneum larval 
development, a series of multiple regression-based models were used. Particle size, EMC, 
primary moisture content, crude protein, crude fat, and ash were included as predictor 
variables while larval development at 32.5°C and 30% r.h. was the dependent variable. 
There were two steps in this process. First, all feed diets including F/Y, GCORN, P1, P2, 
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P3-B1, P3-B2, P3-B3, GP3-B1, GP3-B2, GP3-B3, and SDDGS, were included in the multiple 
regression analysis. Second, only DDGS samples were included in the analysis. The best 
subsets regression was used to generate the models. Mallow’s Cp and R
2
 values were used 
to choose the best model by first, minimizing the differences between Cp value and the 
number of predictors in the model plus one and second, maximizing R
2
 value. Then, 
models were generated by forward step-wise selection with a minimum and maximum P 
< 0.05 for insertion and removal of predictors in the model. Partial and semi-partial 
correlation values also were examined to determine the relationships between the 
physical and chemical properties of the diets and residual variation in the larval 
developmental time. A partial correlation coefficient determines the variation explained 
in the dependent variable by the predictor of interest after removing the variance 
attributed to other predictors from the model. A semi-partial correlation coefficient 
calculates the proportion of the variance out of the total variance of the dependent 
variable that is explained by the predictor. Models generated following both procedures 
were compared together to determine the best predictors. 
 
4.5 Results and Discussion 
4.5.1 Nutritional Requirement of Tribolium castaneum 
The proximate analysis and AA composition were obtained for F/Y, GCORN, and 
DDGS samples (Table 4.3 & 4.4). The AA composition in DDGS samples were 
comparable to and in some cases up to 3 times higher than F/Y and GCORN while 
DDGS contained higher amounts of protein compared with both F/Y or GCORN diets. 
Similar AA results were found by Fardisi et al. (2013). By comparing the amount of AA 
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requirement for T. castaneum and T. confusum development (Jacquelin du Val) (closely 
related species) (Taylor and Medici, 1966) and even higher amonuts of AA that enhances 
T. confusum development (Taylor and Medici, 1966; Reviewd in Fardisi et al., 2013) 
with composition of AA in DDGS, it was apparent that developmental differences were 
not caused by the protein or AA composition. 
Previous studies showed that vitamins of the B-group including thiamine (B1), 
riboflavin, niacin (B3), pyridoxine hydrochloride (B6), pantothenic acid, choline, and 
biotin are required for T. confusum development (Fraenkel and Blewett, 1942; 1943a,b). 
Although, the test for the profile of the B-group vitamins for the DDGS samples used in 
this study was not conducted, the vitamins of the B-group in DDGS reported by other 
studies (Lim and Yildiriim-Aksoy, 2008) contained the required B-group vitamins for 
Tribolium development. For example, in comparison to the optimal biotin requirement of 
T. confusum (0.1µg/g of diet) (Fraenkel and Blewett, 1943a) with DDGS biotin content 
(0.3µg/g of diet) (Lim and Yildiriim-Aksoy, 2008), the amount of biotin in DDGS 
exceeded the requirement. While vitamins of the B-group are required for Tribolium 
development, vitamins of A and D are not essential (Chiu and McCay, 1939). 
Tribolium confusum do not need carbohydrates in their food for development 
(Fraenkel and Blewett, 1943b). Wong and Lee (2011) found that carbohydrates 
negatively affected growth while proteins positively affected T. castaneum growth. 
Adults oviposit the lowest number of eggs on starch, and in the case of laying eggs, no 
insect survived to adulthood. This was contradictory to T. castaneum oviposition and 
development on wheat flour (Xue, 2010; Wong and Lee, 2011). 
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4.5.2 DDGS Supplemented with Starch and Yeast 
Results of our study showed significant effects of experimental diets on T. castaneum 
larval development and mortality (One-way MANOVA: Wilks’λ = 0.04, F(10, 166) = 
64.10, P < 0.0001) when they fed on starch- and yeast-supplemented DDGS diets. Given 
the significance of the overall test, univariate results were tested and significant effects of 
experimental diets were obtained on days to pupation (univariate results: F(5, 84) = 
242.0269, P < 0.0001) and larval mortality (univariate results: F(5, 84) = 18.8919, P < 
0.0001). The addition of starch and yeast to the GP3-B3 reduced the number of days to 
pupation (average of 2.51-6.01 d) compared with the growth results on GP3-B3. Results 
showed significant differences between larval developments on starch- and yeast-
supplemented DDGS diets compared with F/Y (Table 4.5). Nutritional composition of 
yeast was summarized in Table 4.6. Improved larval development on yeast-supplemented 
DDGS might be due to high nutrition in yeast (Table 4.6). Comparable to our results, 
Bushnell (1938) also determined T. confusum developmental time decreased on yeast-
supplemented diets compared with feeding on corn-meal diets. 
Larval development was significantly elongated and larval mortality increased on 
yeast compared with F/Y, starch-, and yeast-supplemented DDGS diets (Table 4.5). 
Yeast alone diets became hard since it is highly hygroscopic and essentially agglomerated 
as one big particle after absorbing moisture in the environmentally-controlled chamber at 
r.h. of 50%. Bergerson and Wool (1988) observed the same results while rearing 
Tribolium on yeast. Larval development and mortality was increased when fed on yeast. 
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Development was elongated because survivors had to overcome the physical stress, and 
burrow into the hard yeast. 
 
4.5.3 Tribolium castaneum Larval Weight When fed on Different Diets 
The repeated measures of ANOVA was performed to look at the effect of diets and 
humidity on larval weight. The Mauchly sphericity test was significant (W = 0.0637, Chi-
Sqr. = 83.7379, P < 0.0001) which means the assumption was violated. Therefore, 
adjusted univariate results and repeated measures analysis of variance are reported in 
Table 4.7. There were significant interaction effects between time × r.h. and time × diet 
(Table 4.7). Tribolium castaneum larval weight gain was significantly different when fed 
on different diets. An increase in T. castaneum larval weight was more rapid when fed 
F/Y followed by GCORN, GDDGS diets, and raw samples of DDGS both at r.h. of 30% 
and 50% (Fig 4.2). Pupation started earlier on F/Y and GCORN compared with raw and 
ground DDGS diets (Table 4.8). Results again showed that particle size had a significant 
effect on T. castaneum development as larvae gained weight faster on GDDGS compared 
with raw DDGS. There was a significant interaction effect between humidity × diets. The 
larval weight of insects fed on different diets depends on the r.h.. When fed on DDGS 
diets at 50% r.h., larval weight increased in a shorter period of time and pupation took 
place earlier compared with the larval weight on the same diet at 30% r.h.. However, 
pupation started after 15-17 d on F/Y and GCORN at both 30% and 50% r.h.. White and 
Lambkin (1988) studied T. castaneum larval feeding on wheat grain at 40% and 60% r.h.. 
They found that larvae consumed more grains at higher environmental r.h. (White and 
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Lambkin, 1988). Our study found similar results, an increase in r.h., increased T. 
castaneum consumption. Therefore, it is recommended to lower the environmental r.h. 
for safe storage of DDGS.   
 
4.5.4 Multiple Regression Analysis 
Results from model building procedures used to determine the best predictor(s) 
(diet’s physical and chemical properties) that affect larval developmental time are 
summarized in Tables 4.9 and 4.10. Results obtained from the best subset and forward 
stepwise methods were consistent (Table 4.10 & 4.11). Based on the multivariate 
regression univariate test of significance, among all the predictors, only particle size (F(1, 
8) = 26.7075, P = 0.0009) and EMC (F(1, 8) = 15.1269, P = 0.0046) were significant when 
all the diets were included in the multiple regression analysis. Particle size positively 
affected the number of days to pupation and EMC negatively affected it. By comparing 
partial correlations, more than 80% of the residual variance was explained when each of 
these two predictors were added to the whole model. Also, particle size and EMC as solo 
predictors explained 56.47% and 42.50% of the variation in the residual, respectively 
(Table 4.9 & 4.10A). However, among DDGS samples, particle size of the diet was the 
only statistically significant predictor (F(1, 1) = 204.3725, P = 0.04446). Based on the 
semi-partial correlation coefficient, particle size explained 99.76% of the variation in the 
residual if added to the whole model and 33.61% if it was used as a solo predictor in the 
model (Table 4.9 & 4.10B). There are no published studies on the effect of diet particle 
size on T. castaneum development. However, there are studies that looked at the 
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susceptibility of damaged grains to insect infestation. According to Trematerra et al. 
(2000), mechanically induced damage in grain, or damage caused by insect feeding, 
attracted higher numbers of T. castaneum, T. confusum, and Oryzaephilus surinamensis 
(L.) to the grain. Other studies showed that an increase in the volume of damaged grain 
also increased T. castaneum larval survivorship and developmental rate (Fraenkel and 
Blewett, 1943b; White, 1982). Damage caused to the grain modifies the particle size of 
the grain. As the damages increase, the particle size of the grain decreases. As a result, 
insects grow faster and survivorship increases. As predicted above, these results were 
obtained on the DDGS diet studied. As the particle size in the DDGS diets decreases, T. 
castaneum pupate faster. 
 
4.5.5 Effect of F/Y Granulation and Grinding DDGS on Tribolium castaneum 
Development 
Larval developmental time significantly increased when T. castaneum fed on heated 
F/Y, granulated F/Y group I to IV, and P3-B1 group I to IV diets, especially compared 
with F/Y at 50% r.h. (Fig 4.3). Particle size was significant in overall test of multivariate 
analysis (One-way MANOVA: Wilks’λ = 0.10, F(18, 78) = 9.2470, P < 0.0001). Next, the 
univariate results were examined for each dependent variable. Only significant effects of 
particle size was obtained for the number of days to pupation (univariate results: F(9, 40) = 
657.6400, P < 0.0001). There was no difference in larval mortality (univariate results: F(9, 
40) = 0.9195, P = 0.5185); however, granulated F/Y group І had the highest larval 
mortality (Fig 4.3.). Results from this study emphasize on the effects of particle size of 
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the granulated F/Y diet on larval developmental time. Heating process had no effect on T. 
castaneum larval development. However, there was a significant difference between the 
larval development on granulated F/Y groups I to IV; larval period decreased as the 
granule size reduced. There was no difference on larval development when fed on P3-B1 
group I to IV. However, they were significantly different from results of larval 
development on F/Y of any particle sizes. 
Results of larval development on ground DDGS samples were compared with F/Y 
and raw DDGS. There was a significant main effect of particle size on the number of 
days to T. castaneum pupation and larval mortality (One-way MANOVA: Wilks’λ = 
0.08, F(12, 194) = 41.02, P < 0.0001). Given the overall significance of the test, univariate 
results were tested for each one of the dependent variables. Again, significant results 
were obtained for the effect of particle size on days to T. castaneum pupation (univariate 
results: F(6, 98) = 174.32, P < 0.0001) and larval mortality (univariate results: F(6, 98) = 
2.59, P = 0.0225). Reducing particle size by grinding the DDGS samples significantly 
decreased the larval development by 1.2-1.3 fold (Table 4.5). The developmental period 
was significantly faster for larvae fed on F/Y compared with ground or raw DDGS. 
However, larval development on G1P3-B1 (21.37 ± 0.16) was similar to larval 
development on GCORN (20.09 ± 0.20 d) with comparable particle sizes (Fardisi, 
Chapter 2: Table 2.1 & 2.2). Laval mortality was also lowest on F/Y (4.96 ± 1.43) and 
highest on raw P3-B3 sample (20.50 ± 5.15). Grinding DDGS samples reduced the 
particle size, but it was still larger than F/Y particles. Developmental mortality decreased 
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on P3-B3 diet as particle size decreased, however, there was no significant difference 
between larval mortality on raw and ground P3-B1 diet. 
Our results were comparable to other studies that examined damaged in garin 
(particle size) negatively affects T. castaneum larval development. Tribolium castaneum 
development was faster with higher oviposition, and increase survivor when fed on flour 
compared with undamaged grain (Meagher et al., 1982; Li and Arbogast, 1991; Lale and 
Yusuf, 2001; Lale and Modu, 2003). Again, the same results were obtained for T. 
confusum (Fraenkel and Blewett, 1943b; Kordan and Gabryś, 2013). Also, T. confusum 
are more attracted to wheat flour and fine bran compared with coarse bran (Loschiavo, 
1952). Fleming (1988) found similar results with Oryzaephilus surinamensis (L.) feeding 
on wheat flour, cracked, and undamaged wheat. Oryzaephilus surinamensis development 
increased and fecundity decreased when insects fed on undamaged wheat compared with 
wheat flour or cracked wheat (Fleming, 1988). 
 
4.6 Conclusion 
DDGS is a processed grain but considered a raw commodity. Compared with wheat 
flour, a finished product, DDGS susceptibility to T. castaneum infestation was lower. 
Tribolium castaneum development increased when fed on DDGS with large particles 
compared with F/Y with smaller and finer particles. Tribolium castaneum development 
was more rapid on ground DDGS while the insect’s growth elongated when fed on 
DDGS with larger particles or granulated F/Y. Similar results for T. castaneum growth 
were observed when they fed on poultry and pelletized frog feed (Fardisi, Dissertation 
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Chapter 3). Therefore, it is apparent that particle size plays a key role in DDGS 
susceptibility to T. castaneum infestation. Pelletizing or granulating raw DDGS may also 
decrease its susceptibility to T. castaneum infestation. One advantage of pelletization is 
reducing the total cost of transportation; however the feed will require grinding to enable 
the mixing of other feed ingredients during feed manufacture. The higher the bulk density 
of feedstock, the fewer truckloads are required. However, the pelletizing process itself is 
costly and may not be an economically sound option for small size manufacturing plants 
(Krishnakumar and Ileleji, 2010). In a study that investigated feedstock handling and 
transportation options for cellulosic biomass feedstock for fuel ethanol production, 
Krishnakumar and Ileleji (2010) observed that in larger manufacturing plants (378.5 
million liters per year of fuel ethanol and above) pelletizing (using the pellet die process) 
decreased the cost of transportation. Environmental r.h. was also another factor affecting 
larval development. Reducing the environmental storage humidity significantly 
suppresses T. castaneum development on DDGS (Fardisi, Chapter 2). Thus, it is highly 
recommended that plant managers store DDGS as a raw ingredient, pelletize DDGS if it 
is cost-effective, and keep the environmental storage humidity at 30% or lower for safe 
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Table 4.1 Physical properties of feed diets including equilibrium moisture content of diets 
after 2 wk of diets preconditioning at 30% r.h. and particle size (dgw) measured by 2 
methods. 









F/Y 8.5±0.1 278.6±103.5 8.2±4.1 19.3±0.2 
GCORN 8.7±0.1 473.1±75.3 32.8
5 23.2±1.5 
P1 6.6±0.1 676.0±19.0 467.1
5 37.5±0.7 
P2 5.6±0.1 641.3±3.2 538.9
5 47.0±1.7 
GP3-B1 5.5±0.3 388.6±49.5 203.0±15.8 31.0±0.4 
G1P3-B1 - 620±136.8 55.4±42.9 - 
GP3-B2 5.2±0.1 401.5±12.0 248.9±42.7 32.2±0.6 
GP3-B3 5.2±0.1 394.4±11.7 249.6±0.4 33.5±0.5 













SDDGS 6.4±0.1 538.7±51.5 409.0±78.3 30.7±0.4 
1 
dgw = Geometric mean diameter was measured based on American Society of 
Agricultural and Biological Engineers (ASABE) Standard (S) 319.4 procedure 
2 
dgw was measured with modification. Samples were had-forced through the sieve after 
they have been shaken.  
3
Number of days to pupation at 32.5°C and 30% r.h. 
4 
Kingsly et al. 2010 
5
N=1 
Diets include flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried 
Distiller’s Grains with Solubles (DDGS): DDGS corn-base include plant 1 (P1), plant 2 
(P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground 
plant 3 batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-B2), ground plant 3 batch 3 (GP3-















Table 4.2 Particle size of granulated F/Y and raw P3-B1 feed diets divided into 4 groups 
of I, II, III, and IV by using US sieve No. 6, 14, 18, 25. 
 Group  Sieve # Upper
1
 Sieve # Lower
2
 Particle size (mm) 
I 6 14 3.3 > X > 1.4 
II 14 18 1.4 > X > 1.0 
III 18 25 1.0 > X > 0.7 
IV 25 bottom  0.7 > X 
1 
Particles passed through the sieve  
2 






































Table 4.3 Feed diet’s amino acids profile and (A) Amino acids requirement of Tribolium castaneum and (B) Tribolium confusum. 
AMINO ACID  





1 SDDGS  A B 
  Mean  SE Mean  SE Mean  SE Mean  SE Mean  SE Mean  SE Mean  SE     
Taurine 0.05 0.07 0.00 0.06 0.00 0.04 0.00 0.02 0.00 0.02 0.00 0.03 0.00 0.05 0.00 - - 
Hydroxyproline 0.01 0.04 0.00 0.11 0.00 0.18 0.00 0.16 0.01 0.11 0.01 0.04 0.02 0.14 0.01 - - 
Aspartic Acid 0.67 0.46 0.01 1.54 0.02 1.72 0.02 1.69 0.04 1.77 0.03 2.01 0.03 1.79 0.00 - - 
Threonine 0.40 0.25 0.01 0.90 0.01 1.04 0.01 0.98 0.02 1.01 0.02 1.13 0.01 0.97 0.00 - 0.40 
Serine 0.57 0.32 0.00 1.06 0.02 1.26 0.01 1.24 0.04 1.27 0.03 1.42 0.02 1.14 0.00 - - 
Glutamic Acid 3.86 1.16 0.02 3.42 0.04 3.78 0.02 4.01 0.08 4.4 0.08 5.15 0.09 3.73 0.03 - - 
Proline 1.32 0.57 0.00 1.75 0.03 2.01 0.02 1.88 0.04 2.04 0.03 2.38 0.05 1.70 0.01 - - 
Lanthionine 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.07 0.00 0.07 0.01 0.06 0.00 0.00 0.00 - - 
Glycine 0.53 0.30 0.00 0.98 0.01 1.12 0.01 1.08 0.03 1.08 0.02 1.18 0.02 0.96 0.00 - - 
Alanine 0.50 0.49 0.01 1.70 0.03 1.94 0.02 1.85 0.03 1.98 0.03 2.27 0.04 1.99 0.01 - - 
Cysteine 0.28 0.16 0.01 0.44 0.01 0.53 0.01 0.48 0.02 0.5 0.01 0.56 0.01 0.44 0.01 - 0.15 
Valine 0.62 0.35 0.00 1.23 0.01 1.38 0.01 1.28 0.03 1.38 0.02 1.58 0.03 1.41 0.01 - 0.60 
Methionine 0.21 0.15 0.00 0.47 0.00 0.56 0.01 0.52 0.01 0.55 0.01 0.62 0.01 0.42 0.00 - 0.30 
Isoleucine 0.53 0.24 0.00 0.92 0.01 1.13 0.01 0.98 0.02 1.07 0.01 1.23 0.03 1.14 0.00 0.30 0.50 
Leucine 0.94 0.76 0.01 2.68 0.03 3.22 0.04 2.98 0.06 3.29 0.05 3.86 0.07 3.01 0.01 0.70 0.80 
Tyrosine 0.33 0.19 0.01 0.92 0.01 1.05 0.01 0.96 0.03 1.02 0.02 1.18 0.01 0.98 0.01 - 0.40 
Phenylalanine 0.62 0.32 0.01 1.16 0.01 1.37 0.01 1.27 0.02 1.38 0.02 1.60 0.03 1.34 0.01 - 0.70 
Hydroxylysine 0.06 0.03 0.00 0.20 0.00 0.16 0.01 0.02 0.00 0.01 0.00 0.01 0.00 0.17 0.00 - - 
Ornithine 0.03 0.00 0.00 0.04 0.00 0.03 0.00 0.04 0.00 0.03 0.00 0.03 0.00 0.02 0.00 - - 
Lysine 0.41 0.22 0.00 0.60 0.00 0.82 0.01 0.95 0.02 0.96 0.02 1.08 0.02 0.69 0.00 - 0.56 
Histidine 0.30 0.21 0.00 0.63 0.01 0.76 0.01 0.71 0.01 0.74 0.01 0.84 0.01 0.55 0.00 0.20 0.20 
Arginine 0.52 0.34 0.01 0.94 0.00 1.31 0.02 1.26 0.03 1.27 0.02 1.41 0.02 1.07 0.02 0.40 0.50 
Tryptophan 0.18 0.06 0.00 0.14 0.01 0.19 0.01 0.19 0.00 0.2 0.00 0.22 0.01 0.16 0.00 - 0.10 
By Kjeldahl (%N X 6.25).  Crude protein by combustion (Leco) for 6579.  W/W%= grams per 100 grams of sample. A: AA requirement of Tribolium castaneum 











Table 4.4 Chemical properties of diets (proximate analysis). 
PROXIMATE 
ANALYSIS 










 SDDGS  
  Mean  SE Mean  SE Mean  SE Mean  SE Mean  SE Mean  SE Mean  SE 
Crude Protein 13.92 6.88 0.01 24.36 0.03 27.76 0.08 26.69 0.08 28.77 0.01 32.33 0.46 27.14 0.10 
Moisture content  10.89 13.54 0.08 8.31 0.07 8.32 0.07 11.07 0.08 8.25 0.16 6.40 0.03 10.97 0.38 
Crude Fat 0.47 3.76 0.03 12.11 0.05 12.62 0.06 10.80 0.09 9.32 0.11 7.76 0.12 9.76 0.32 
Crude Fiber 20.08 1.77 0.02 7.05 0.11 5.88 0.10 5.28 0.04 6.71 0.11 7.98 0.17 7.16 0.10 
Ash 0.81 1.10 0.02 3.89 0.02 4.35 0.02 4.00 0.09 3.12 0.03 2.04 0.00 5.99 0.06 
By Kjeldahl (%N X 6.25).  Crude protein by combustion (Leco) for 6579.  W/W%= grams per 100 grams of sample.   
Diets included flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): 
DDGS corn-base include plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground 
plant 3 batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-B2), ground plant 3 batch 3 (GP3-B3), DDGS sorghum-base (SDDGS).  
1
Kingsly et al. (2010) 
2



















Table 4.5 Days of Tribolium castaneum to pupation and larval mortality (mean ± SE) on 
starch- or yeast-supplemented DDGS diet. 
    Larva 




10% Starch supplemented GP3-B3 22.42±0.27 15.90±4.50 
20% Starch supplemented GP3-B3 22.26±0.26 19.93±3.70 
30% Starch supplemented GP3-B3 23.42±0.26 15.21±5.27 
B 
F/Y 15.20±0.23a 7.57±1.69a 
Yeast 28.29±0.40e 31.61±2.88b 
10% Starch supplemented GP3-B3 22.29±0.25c 11.00±2.57a 
2% Yeast supplemented GP3-B3 19.30±0.35b 10.61±2.82a 
10% Yeast supplemented GP3-B3 18.80±0.24b 4.08±1.55a 
b
GP3-B3 24.81±0.29d 7.61±1.73a 
a
There was no significant difference between starch supplemented DDGS (P >0.05). 
b
Chapter 2, Table 2 
Means in the same column with the different subscript letter were significantly different 
























Table 4.6 Amino acids and vitamins composition in brewer’s yeast.  














Pyridoxine Hydrochloride 4.6 





Vitamin B12 0 





















Table 4.7 Adjusted univariate results for repeated measure for Tribolium castaneum larval weight after feeding for 10, 12, 14, 
16, and 18 d on treatments (different diets) at 30 & 50% r.h.. 
Adjusted Univariate Tests for Repeated Measure 
Effect df F p G-G G-G G-G G-G 
        Epsilon Adj. df1 Adj. df2 Adj. p 
Time 4 384.9427 <0.0001 0.4348 1.7391 55.6510 <0.0001 
Time*Humidity 4 25.7466 <0.0001 0.4348 1.7391 55.6510 <0.0001 
Time*Diet  28 34.4437 <0.0001 0.4348 12.1737 55.6510 <0.0001 
Time*Humidity*Diet 28 0.7674 0.7896 0.4348 12.1737 55.6510 0.6820 
Error 128             
Repeated Measures Analysis of Variance         
Intercept  1 2897.297 <0.0001         
Humidity 1 33.3780 <0.0001         
Diet  7 339.0780 <0.0001         
Humidity*Diet 7 2.795 0.0218         
Error 32             
Diets were flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): 
DDGS corn-base include plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), 
ground plant 3 batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-B2), ground plant 3 batch 3 (GP3-B3).








Table 4.8 Number of days to observe the first Tribolium castaneum pupa when fed on diets.  
 



















Diets were flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): 
DDGS corn-base include plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground plant 3 batch 1 












Table 4.9 Collinearity statistics, partial and semi-partial correlations for diet chemical and physical characteristic predicting 
Tribolium castaneum larval developmental time at 32.5°C and r.h. of 30%. 
  Feed diet's Physical and Chemical Properties 
  Particle Size EMC MC
c
 Crude Protein Crude Fat Crude Fiber Ash 
A               
Tolerance
a
 0.793418 0.793418 0.486104 0.082805 0.461939 0.840759 0.787145 
Variance Inflation Factor
b
  1.260396 1.260396 2.057171 12.076552 2.164790 1.189401 1.270415 
                
Larval Developmental Time              
Partial R 0.8772127 -0.8087534 -0.471908 0.0310906 0.2203926 0.0479036 -0.007323 
Semi-partial R 0.5646823 -0.4249739 -0.1458445 0.0096086 0.068113 0.0148047 -0.022633 
B               
Tolerance
a
 0.292097 0.004400 0.001287 0.039019 0.001522 0.001110 0.008453 
Variance Inflation Factor
b
  3.423520 227.270980 777.286480 25.628460 655.94538 901.15551 118.300390 
                
Larval Developmental Time              
Partial R 0.9975624 -0.9862559 0.9706821 0.984769 0.9845863 0.9786273 -0.957526 
Semi-partial R 0.3361131 -0.140342 0.094946 0.1331647 0.1323549 0.111887 -0.078075 
aPredictors with the tolerance levels ≤ 0.1 are considered redundant with other predictors.       
bPredictors with the variance inflation factors ≥ 10 are considered collinear with other predictors.     
(A) Control and DDGS diets were included in the analysis (B) Only DDGS diets were included in the analysis 
MC = Moisture Content EMC = Equilibrium Moisture Content 
Diets were flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-
base include plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground plant 3 batch 1 
(GP3-B1), ground plant 3 batch 2 (GP3-B2), ground plant 3 batch 3 (GP3-B3), DDGS sorghum-base (SDDGS). 
 
 








Table 4.10 Feed diet’s physical and chemical characteristic and R2 and Mallow’s Cp values for the best model of each size 
describing Tribolium castaneum larval developmental time at 32.5°C and r.h. of 30% by using a best subset method. 
  
No. of Predictors  
Physical and Chemical Properties     






1 *             12.3318 0.72388 
2 * *           1.68721 0.90449 
3 *   *   *     1.72919 0.93245 
4 * * *   *     3.26453 0.93909 
5 * * * *     * 4.14686 0.95505 
6 * * * * 
 
* * 6.0433 0.95653 
7 * * * * * * * 8.0000 0.95715 
B 
1 *             503.155 0.7191 
2 *   *         322.147 0.82027 
3 *     * *     109.7080 0.9388 
4 * *     * *   56.1060 0.96954 
5 * *   * * *   32.7100 0.98358 
6 * * * * * *   17.0270 0.99335 
7 * * * * * * * 8.0000 0.99945 
A: Control and DDGS diets were included in the analysis 
B: Only DDGS diets were included in the analysis 
a
 Mallow's Cp 
MC = Moisture Content  
EMC = Equilibrium Moisture Content 
Diets were flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): 
DDGS corn-base include plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), 












Table 4.11 Feed diet’s physical and chemical predictors and R2 and Mallow’s Cp values for the best model of each sizes 












A Particle size 
 
































0.03774 0.851479 Out 
B Particle size 
 
































1.31420 0.295288 Out 
MC = Moisture Content  
EMC = Equilibrium Moisture Content 
A: Control and DDGS diets were included in the analysis B: Only DDGS diets were included in the analysis 
All diets include flour/yeast (9:1) (F/Y) and ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles 
(DDGS): DDGS corn-base include plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 
(P3-B3), ground plant 3 batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-B2), ground plant 3 batch 3 (GP3-B3), DDGS 











Table 4.12 Days to Tribolium castaneum pupation and larval mortality (mean ± SE) on 
diets. 
Diet Days to pupation (d) Larval mortality (%)  
F/Y 15.84±0.33a 4.96±1.43a 
GP3-B1  21.69±0.30b 14.09±2.25ab 
GP3-B3  24.81±0.29c 7.61±1.73ab 
G1P3-B1  21.37±0.16b 11.22±4.67ab 
G1P3-B3  26.64±0.36d 18.02±4.90ab 
P3-B1  25.50±0.37cd 8.84±2.00ab 
P3-B3  31.27±0.61e 20.50±5.15b 
 
Diets were flour/yeast (9:1) (F/Y) and Dried Distiller’s Grains with Solubles (DDGS): 
DDGS corn-base include plant 3 batch 1 (P3-B1), plant 3 batch 3 (P3-B3), ground plant 3 
batch 1 (GP3-B1), ground plant 3 batch 3 (GP3-B3). 
GP3-B1 and GP3-B3 were ground with a hammer mill (Glen Mills Inc., 220 Delawanna 
Ave. Clifton, NJ). G1P3-B1 and G1P3-B3 were ground with a cyclone sample mill (UDY 
Corporation, 201 Rome Court, Fort Collins, CO). 
Means in the same column with the different subscript letter are significantly different at 












Figure 4.1 Category of DDGS samples tested to determine their susceptibility to 
Tribolium castaneum infestation. Diets were flour/yeast (9:1) (F/Y) and ground corn 
(GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-
base include plant 1 (P1), plant 2 (P2), plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), 
plant 3 batch 3 (P3-B3), ground plant 3 batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-
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Figure 4.2 Tribolium castaneum larval weight after 10, 12, 14, 16, and 18 d feeding on diets. Diets were flour/yeast (9:1) (F/Y) and 
ground corn (GCORN) as controls and Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-base include plant 3 batch 1 
(P3-B1), plant 3 batch 2 (P3-B2), plant 3 batch 3 (P3-B3), ground plant 3 batch 1 (GP3-B1), ground plant 3 batch 2 (GP3-B2), 
ground plant 3 batch 3 (GP3-B3). 
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Figure 4.3 Tribolium castaneum larval development (d) and mortality (%) (Mean ± SE) 
on diets of different particle sizes. Diets were flour/yeast (9:1) (F/Y), heated-F/Y, 
granulated F/Y-group I, II, III, and IV, B1-group I, II, III, and IV. Group I contained the 
pellet size of 3.3>x>1.4 mm, group II contained the pellet size of 1.4>x>1.0 mm, group 
III contained the pellet size of 1.0>x>0.7 mm, and group IV contained the pellet size of 
0.7>x mm. There were no significant differences in larval mortality among means of 























CHAPTER 5. INVESTIGATING THE EFFICACY OF DRIED DISTILLERS GRAINS 
WITH SOLUBLES AS BAIT FOR MONITORING TRIBOLIUM CASTANEUM (RED 




Monitoring insect pest populations in storage and manufacturing plants is an 
important part of Integrated Pest Management (IPM). There is a variety of monitoring 
tools available for insect pests of stored-products. Pitfall traps baited with pheromone or 
kairomone lures (either together or separately) are used for monitoring Tribolium 
castaneum (Herbst) however, trap efficacy is very low. This study examined if Dried 
Distillers Grains with Solubles (DDGS), a co-product of the grain-ethanol industry, can 
be used as bait to improve trap efficacy by attracting and capturing higher numbers of T. 
castaneum. The ultimate goal was to determine the pest management implications of 
alternative uses of DDGS. DDGS was used in combination with a food oil kairomone to 
improve bait efficacy when monitoring for T. castaneum. Trap catches were significantly 
increased when a combination of DDGS and a food oil kairomone were used as bait 
compared with the food oil kairomone lure or empty traps. The results of this study 
suggest that using DDGS as bait in monitoring traps, in combination with food oil 












Insect pests of stored-products are persistent problems in both storage facilities and 
retail stores. Inside the facilities, insects can freely move between floors (Semeao et al., 
2013) and they can be found anywhere even places that food products are not stored 
(Arthur et al., 2014). Therefore, an effective and environmentally friendly Integrated Pest 
Management (IPM) program is required for pest control. Monitoring is an important part 
of IPM which helps to detect insect infestation early and determines if chemical 
treatments are required (Arbogast et al., 2000). 
Traps of different varieties have been used for monitoring insect pests of stored-
products (Burkholder, 1990; Phillips et al., 2000). Pitfall traps (Dome traps, Trécé Inc., 
Adair. OK) are commonly used for monitoring insects (Campbell et al., 2010; Campbell, 
2012) however, trap catches are small (Semeao et al., 2011; Campbell, 2012). Trap catch 
generally increases in conjunction with rising beetle density (Buckman and Campbell, 
2013) but it is not always an indication of the true density of insect populations inside the 
facilities (Campbell et al., 2004). It is often perceived by facility managers, that trap catch 
determines the severity of insect infestation. This leads to pest management decisions that 
are made based on the interpretation of these trap catches (Hagstrum and Flinn, 2014). 
The low number of insects in traps may also be incorrectly interpreted as a less severe 
insect infestation than in reality. It is important to note that trap catches are lower in the 
real world facilities compared with laboratory scale experiments and this knowledge 
should influence pest management decisions (Hawkin et al., 2011) by setting lower 
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economic thresholds for insect infestation in the field (Hagstrum and Flinn, 2014). 
Therefore, there is a need to increase trap efficacy. 
Dried Distillers Grains with Solubles (DDGS) was used as a bait carrier for 
monitoring urban insect pests (Brenner, 1988; Brenner and Patterson, 1988; Brenner and 
Patterson, 1989; Kafle et al., 2010; Kafle and Shih, 2012). Results showed that using 
DDGS-based bait increased the efficacy of traps in wet conditions (Kafle et al., 2010) and 
was unattractive to mammals (Brenner and Patterson, 1988; Brenner and Patterson, 
1989). Other studies also showed that DDGS has low susceptibility to Tribolium 
castaneum (Herbst) infestation and population growth, as development was significantly 
elongated when fed on raw DDGS with large particles (Fardisi et al., 2013; Fardisi, 
Chapter 2). These qualities make DDGS a good option as bait or bait carrier for 
monitoring insect pests of stored-products. Therefore, it is of interest to evaluate DDGS 
as food bait for monitoring insect pests of stored-products. Tribolium castaneum is one of 
the most common and abundant insect pests in manufacturing facilities (Trematerra et al., 
2007; Arthur et al., 2014; Campbell, 2013; Hagstrum and Flinn, 2014). Therefore, T. 
castaneum was selected as the insect model for this study. 
Visual and olfactory cues are both important for monitoring T. castaneum (Semeao et 
al., 2011). Semeao et al. (2011) showed an increase in T. castaneum trap catch by 
increasing the contrast between the color of the trap and its background under both low 
and high light intensity. Olfactory cues include both pheromones and food-based 
kairomones (Mullen, 1992). The efficacy of traps baited with a kairomone lure was lower 
than traps baited with a combination of pheromone and kairomone lures (Campbell, 
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2012). Therefore, there is a need to improve kairomone lure efficiency. In this study, the 
focus of this research was to improve olfactory cues and to see if using a combination of 
DDGS and food oil kairomone in pitfall traps can attract higher numbers of T. castaneum 
compared with the kairomone only baited traps. 
 
5.3 Materials and Methods 
5.3.1 Insect Preparation 
Tribolium castaneum adults were obtained from laboratory colonies maintained in 
environmentally-controlled chamber series I-36 at 27°C (±1) in the Department of 
Entomology at Purdue University, West Lafayette, IN, USA. A diet of wheat flour (90%) 
and brewer’s yeast (10%) (F/Y) was used for the colony maintenance.  
 
5.3.2 Bait Preparation 
The DDGS samples used in this study were called P3-B1, P3-B2, and P3-B3 (Fardisi, 
Chapter 2). Designation P3-B1 refers to plant 3-batch 1, P3-B2 refers to plant 3-batch 2, 
and P3-B3 refers to plant 3-batch 3 (Fig 5.1). The DDGS samples were corn-based and 
originally produced in The Andersons Clymers Ethanol LLC, Clymers, IN, USA. Kingsly 
et al. (2010) provided in-depth details of the production process for these samples. Food 
oil bait is commercially available (wheat germ oil) and it has been used in insect 












5.3.3 Experimental Design 
To determine the efficacy of DDGS as bait for monitoring T. castaneum, two 
medium-size (2×2 m
2
) arenas were used. Each arena was made of 4 plywood panels (1×1 
m
2 
each panel) sealed at joints with silicone caulk. Arena sides were enclosed by 8 sheets 
of Plexiglas (1 m length × 0.3 m tall). To prevent insect escaping by flight, a transparent 
mesh cloth was used to cover the top of the arenas. 
Arenas were set up in a room at the Department of Entomology at Purdue University, 
West Lafayette, IN, USA with an average temperature of 29.4 ± 1 °C and r.h. of 30 ± 
10%. Pitfall traps (Storgard
TM 
Dome traps) were randomly placed at each corner of the 
arena as observational units; 10 cm from the edges and approximately 1.8 m apart from 
each other to reduce the trap catch interference. Three experiments were conducted to 
determine the efficacy of DDGS samples as bait and to compare DDGS bait to food oil 
bait and empty traps. DDGS baits were prepared by mixing 0.5 g of DDGS with three 
drops of food oil. Pitfall traps were baited with the following treatments: 
  A) Four traps were baited, each with one of four treatments including: P3-B1 mixed 
with food oil, P3-B2 mixed with food oil, P3-B3 mixed with food oil and filter paper 
soaked with food oil. A total of ten replications were conducted.   
B) Based on results of experiment A, baits made of P3-B2 and P3-B3 were chosen as 
they trapped the highest number of T. castaneum adults. One trap baited with either P3-B2 
or P3-B3 mixed with food oil, one trap baited with filter paper soaked with food oil, and 
two empty traps (blank). A total of ten replications were conducted. 
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C) One trap baited with either P3-B2 or P3-B3 mixed with food oil and one trap baited 
with filter paper soaked with food oil. A total of twelve replications were conducted.   
Two hundred T. castaneum adults of mixed-aged and mixed-gender were collected 
from the laboratory colonies in a jar by using vacuum. A plastic cup (4 oz) with a circular 
opening in the bottom was inverted in the center of the arena and adults were transferred 
to the cup (Solo® Cup Company, Urbana, IL, USA) by using a small glass funnel (5 cm 
dia.). After a 24 h acclimation and starvation period, the plastic cup was removed and 
beetles were free to move about the arena. The number of the beetles in each trap was 
recorded after 5 d. Both arenas were cleaned with wet paper towel after each replication.  
 
5.4 Data Analysis 
Statistical analysis was conducted using Statistica 12 (StatSoft, Inc., 2013). 
Probability of trap catch for each treatment was calculated by dividing the number of the 
beetles in each trap by the total number of insects trapped for each replication in the 
arena. ANOVA was used to determine the effect of bait as independent factor on 
probability of trap catches as dependent factor. Probability of trap catches were compared 
between treatment groups by using Tukey's Honestly Significant Difference (Tukey's 
HSD) test.  
 
5.5 Results and Discussion 
There was significant increase in the probability of insects caught in traps baited with 
a combination of DDGS and food oil compared with filter paper soaked with food oil. 
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The result of one-way ANOVA is summarized in Table 5.1. The effect of bait on trap 
catch was significant (Table 5.1). The majority of insects were caught in traps baited with 
the mixture of P3-B3 and food oil followed by P3-B2, P3-B1, and food oil alone (37.36 ± 
5.58, 32.52 ± 5.20, 20.51 ± 4.37, and 9.62 ± 1.77, respectively) (Fig 5.1). P3-B3 and P3-B2 
attracted the greatest number of adults. Results showed that using a combination of 
DDGS with food oil as bait increased the efficiency of standard monitoring traps 
compared with the current food lure alone. 
Similar results were observed when a combination of P3-B2 or P3-B3 with food oil was 
tested as bait compared with filter paper soaked with food oil. There was a significant 
increase in trap catches when P3-B2 or P3-B3 was mixed with food oil instead of filter 
paper, in the presence or absence of blank traps (Fig 5.2A, 5.2B, 5.3A, & 5.3B). Similar 
results were obtained by Kafle et al. (2010) when DDGS was used as a bait carrier for red 
imported fire ants, Solenopsis invicta (Buren) in wet conditions compared with the 
standard commercial fire ant bait (Advin®; indoxacarb 0.045%). 
As expected, the blank treatments attracted the lowest number of insects to the traps. 
No significant differences between blank treatments and filter paper soaked with food oil 
were observed, while a combination of P3-B3 with food oil attracted the highest number 
of adults (Fig 5.2B). There was a significant difference between the number of beetles 
found in the blank traps, traps baited with food oil, and traps baited with a combination of 
P3-B2 with food oil. However, significantly higher numbers of beetles were found in traps 
baited with a combination of P3-B2 with food oil (Fig 5.2A). In general, using food oil 
alone in traps is not effective. Similar results were obtained by Campbell (2012). Traps 
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baited with combination of pheromone and kairomone were more attractive to Tribolium 
castaneum adults, while there was no difference between traps baited with kairomone to 
empty traps (Campbell, 2012). 
 
5.6 Conclusion 
Results of this study indicated that a combination of DDGS with food oil kairomone 
can increase trap catch at a laboratory scale. DDGS can be considered a suitable additive 
to food oil kairomone lure for monitoring T. castaneum because it is unattractive to non-
target mammals (Brenner, 1988; Brenner and Patterson, 1988; Brenner and Patterson, 
1989), remains attractive when wetted (Kafle et al., 2010; Kafle and Shih, 2012), and it is 
not suitable for T. castaneum development when particle sizes remain large (Fardisi et al., 
2013; Fardisi, Chapter 2). Further investigations are required to evaluate the efficacy of 
DDGS as bait at a field scale when environmental factors such as temperature, r.h., 
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Table 5.1 Results of one-way ANOVA on the effect of bait on trap catch. 
Experiment  Bait  F(df) P 
 
P3-B1 
9.16(3, 36) 0.0001 
A P3-B2 





58.34(3, 36) <0.0001   2*Blank  
 B Food oil 
 (10 rep.) P3-B3 
21.72(3, 36) <0.0001   2*Blank  
  Food oil 
 
P3-B2 
44.54(1, 22) <0.0001 
 C Food oil 
 (12 rep.) P3-B3 
26.06(1, 22) <0.0001 
  Food oil 
A) Four traps were baited. B) Four traps were used, one trap baited with either P3-B2 or 
P3-B3 mixed with food oil, one trap baited with filter paper soaked with food oil, and two 
empty traps (blank). C) One trap baited with either P3-B2 or P3-B3 mixed with food oil 
and one trap baited with filter paper soaked with food oil.  
Baits discriptions: Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-based 
included plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), and plant 3 batch 3 (P3-B3), 



















Figure 5.1 Comparison of a trap catch when traps were baited with mixture of Dried 
Distillers Grains with Solubles with food oil over filter paper soaked with food oil. Baits 
included: Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-based included 
plant 3 batch 1 (P3-B1), plant 3 batch 2 (P3-B2), and plant 3 batch 3 (P3-B3), commercially 
available food oil. 


















Figure 5.2 Comparison of a trap catch when traps were baited with mixture of Dried 
Distillers Grains with Solubles with food oil over filter paper soaked with food oil and 
empty traps. Baits included: Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-
based included A) plant 3 batch 2 (P3-B2), and B) plant 3 batch 3 (P3-B3), commercially 
available food oil. 












Figure 5.3 Comparison of a trap catch when traps were baited with mixture of Dried 
Distillers Grains with Solubles with food oil over filter paper soaked with food oil. Baits 
included: Dried Distiller’s Grains with Solubles (DDGS): DDGS corn-based included A) 

















CHAPTER 6. SUMMARY OF OBJECTIVES AND CONCLUSIONS 
 
6.1 Review of Main Objectives 
The domestic and international market demand for Dried Distillers Grains with 
Solubles (DDGS) has been dramatically increased in the past few years. DDGS, a co-
product of the grain-ethanol production process, is primarily used in livestock feed to 
replace raw grain due to its high nutritional content. Prior to this study, there was no 
evaluation of DDGS vulnerability to insect infestation. However this knowledge void was 
recently brought into focus when a DDGS shipment from the United States experienced 
an incident of insect contamination. While a formal impact study is not available, these 
types of events could easily have a negative impact on DDGS value and market demand. 
The overall goal of this project was to understand the ideal conditions for safe storage of 
DDGS by evaluating the susceptibility of DDGS, and livestock feed containing DDGS, to 
insect infestation. 
 The sub-objectives as stated in Chapter 1 include: 
1. A) Investigate the vulnerability of different types of DDGS to infestation by T. 
castaneum by using a no-choice test to determine the T. castaneum 
developmental time (at 30, 50% r.h.) and fecundity (at 30% r.h.) when 
compared with a standard laboratory diet, a mixture of flour/yeast (9:1) (F/Y). 
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 B) Investigate the vulnerability of different types of DDGS to infestation by T. 
castaneum using a choice test. 
2. Investigate the vulnerability of commercially available animal feed and 
laboratory manufactured feed containing DDGS compared against normal 
laboratory diet to T. castaneum infestation using a no-choice test. 
3. Examine the effect of chemical (nutritional value) and physical (particle size) 
properties of DDGS on T. castaneum development and larval weigh. 
4. Investigate the efficacy of DDGS as bait for monitoring T. castaneum. 
 
6.2 Summary and Conclusions 
This study was conducted based on an investigation of the susceptibility of two 
samples of DDGS to T. castaneum infestation. In addition, the study was expanded to test 
additional samples of corn-based and sorghum-based DDGS obtained from different 
manufacturing plants. 
 An examination of the susceptibility of different samples of DDGS to T. castaneum 
infestation at 30% and 50% r.h demonstrated a clear preference of T. castaneum adults 
for F/Y diet over DDGS in a no-choice test. Tribolium castaneum laid very few eggs on 
DDGS (regardless of particle size) and larval developmental time significantly increased 
when fed on raw DDGS at 30% r.h. compared with F/Y. Overall, increasing the 
environmental r.h. to 50% increases the susceptibility of all diets. Grinding the DDGS 
samples decreased larval development period compared with raw unground DDGS. 
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Then, the susceptibility of commercially available livestock feed containing DDGS to 
T. castaneum infestation was studied at r.h. of 50%. This was the first study to evaluate 
DDGS-based animal feed susceptibility to insect infestation. Commercial poultry feed 
had large particles and both frog feed were in pellet form. Overall, T. castaneum 
development and mortality increased when fed on poultry and frog feed. Decreasing the 
particle size in poultry feed significantly reduced development time of T. castaneum. 
Development times went from 21.88 ± 0.27 d on whole DDGS-based poultry feed to 
15.52 ± 0.19 d on ground DDGS-based poultry feed. Thus, particle size is critical to T. 
castaneum development on DDGS and those that choose to store DDGS, should, when 
possible, store DDGS with particle sizes greater than 1 mm. 
When laboratory manufactured feed were made by mixing normal laboratory diet 
with 10, 20, 30, 40, and 80% DDGS (% based on weight), insects grew on laboratory 
manufactured feed as fast as they grew on the normal laboratory diet. These results 
suggested that adding up to 80% DDGS to the laboratory manufactured feed does not 
decrease a feed susceptibility to T. castaneum infestation. 
DDGS susceptibility to insect infestation was lower than normal laboratory diet; 
however, DDGS contains 3 times the amounts of protein as lab diet. To determine if there 
were other nutritional factors that caused this difference in developmental times, DDGS 
chemical and physical characteristics that may affect DDGS susceptibility were 
investigated through building multiple regression-based models. Particle size of the diet 
was determined to be the main factor affecting insect development, not nutrition. To 
confirm this hypothesis two experiments were conducted to manipulate the particle size 
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of the diets with identical nutritional value. First, the normal laboratory diet was 
granulated to increase the particle size and results showed that granulation/pelletization 
negatively affects larval development. The number of days to pupation increased when  
fed diets with larger pellet size. Second, T. castaneum development on ground DDGS 
diets was compared with raw DDGS and the normal laboratory diet. The smaller the 
particle size, the faster the growth. Therefore, particle size of the diet was one of the main 
factors affecting T. castaneum development. Thus, a sanitation program must remove 
fines to reduce T. castaneum or other secondary feeders access to food.    
Lastly, we investigated an alternative use for DDGS, as a bait for monitoring traps, 
considering the increases in its production over the past few years. Monitoring insect 
populations inside facilities is one of the most important aspects of any pest management 
plan. Pitfall traps are commonly used to monitor T. castaneum population density. 
Pheromone and kairomone lures are commercially available to increase trap efficacy by 
attracting insects to the traps. However, trap catches are very low when kairomones (in 
this case food oil) are used alone, but I showed that a combination of DDGS with 
kairomone lures significantly increased trap catch. Therefore, using DDGS as bait in 
monitoring traps, in combination with a food oil kairomone, can increase the efficacy of 
monitoring traps, at least on a lab-scale. However, further studies are required to 
determine the value of DDGS as bait in a field-scale where environmental factors such as 
temperature, r.h., airflow, and sanitation interfere with insect movement. 
In conclusion, it is expected that adding DDGS to livestock feed does not change its 
susceptibility to insect infestation, especially when stored in pellet form. DDGS 
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susceptibility as a raw ingredient to T. castaneum infestation was lower compared with 
F/Y even though protein content was higher in DDGS. Particle size of DDGS and 
livestock feed seems to have significant effect on T. castaneum development. 
Environmental r.h. was also another factor affecting larval development. Reducing 
environmental r.h. significantly suppresses T. castaneum development on DDGS. Thus, it 
is highly recommended that plant managers store DDGS as a raw ingredient, pelletize 
DDGS if possible, and keep the environmental storage humidity at 30% or lower for safe 
storage of DDGS. 
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